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CDNFiDENTIAL 


FOREWORD 


This  report  ic  submitted  in  accordance  with  the  requirements  of  Contract 
AF  04(611 ) -10753 ,  sponsor'd  by  the  Air  Force  Rocket  Propulsion  Laboratory, 
Edwards  Air  Foret  Base,  Is,  California.  The  Air  Force  Technical 

Monitor  is  J.  H.  bhock,  Captain,  USAF/RPMC.  The  contract  is  under  the 
administrative  control  of  Defense  Contract  Administration  Services,  Anaheim 
Region  Office,  1548  State  College  Blvd,  Anaheim,  California.  The  contract 
is  being  performed  by  Aeronutronic  Division  of  Philco  Corporation,  Ford 
Road,  Newport  Beach,  California.  A  major  propellant  manufacturing  sub¬ 
contract  is  being  performed  by  Atlantic  Research  Corporation,  Shirley 
Highway  at  Edsall  Rofd,  Alexandria,  Virginia.  This  report  describes  the 
program  technical  progress  from  1  October  1965  through  15  March  1966.  The 
report  covers  a  specific  segment  of  work  rather  than  work  accomplished 
during  a  calendar  quarter. 


This  report  has  been  assigned  a  secondary  report  number  for  internal 
recording  and  control  purposes.  The  secondary  designation  is  Aeronutronic 
Technical  Report  C-3498,  abbreviated  as  ADP-TR-C-3498 . 


In  addition  to  the  principal  author,  the  authors  listed 
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sections  as 


This  report  contains  classified  information  extracted  from;  (1)  confiden¬ 
tial  attachments  to  the  basic  Contract  AF  04(611)-10753  dated  14  May  1965 
(2)  Aeronutronic  Proposal,  Beryllium  Erosion  Corrosion  Investigation  for 
Solid  Propellant  Rocket  Nozzles  (U) ,  Volume  I,  Applied  Research  Laboratories 
Publication  No.  P-14355  (C) ,  dated  20  November  1964  and  (3)  references 
marked  with  an  asterisk. 


Publication  of  this  report  does  not  constitute  Air  Force  approval  of  the 
reports  findings  or  conclusions.  It  is  published  only  for  the  exchange 
and  stimulation  of  ideas. 


Approving  Authority:  AFRPL/RPMC 


UNCLASSIFIED  ABSTRACT 


This  is  the  second  technical  progress  report  for  Contract  AF  04 (611) -10753 , 
covering  the  period  1  October  1965  to  15  March  1966.  The  program  is 
directed  toward  understanding  the  mechanisms  of  corrosion  and  erosion  of 
graphite,  tungsten,  and  ablative  plastic  materials  in  beryllium  propellants. 
Propellants,  grain  designs,  motor-nozzle  configurations,  and  materials  have 
been  selected  for  22  small  motor  tests  using  100-pound  grains.  Four  alu¬ 
minum  analog  tests  are  Included  to  provide  direct  comparisons  of  the  two 
propellant  systems.  The  grain  design  and  double  base  propellants  were 
selected  for  five  500-pound  development  motor  tests.  Graphite  and  tungsten 
inserts  will  be  used  with  two  submerged  nozzle  configurations.  Results  of 
..le  first  seven  small  motor  tests  are  presented.  Four  beryllium  and  three 
aluminum  analog  propellants  were  tested  as  remotely  located  end  burners. 

The  edge  grain  pyrolytic  graphite  throat  heat  sink  is  common  to  all  tests 
together  with  asbestos  phenolic  insulation  and  ATJ  graphite  nozzle  inlet 
and  exit  cones.  Detailed  laboratory  pose-test  analyses  were  performed  on 
the  hardware,  deposit,  and  exhaust  particle  samples.  Ballistic  data  were 
reduced  to  provide  throat  deposition  histories  and  propellant  performance. 
These  data  and  the  thermocouple  measurements  were  used  to  characterize 
nozzle  thermal  history  and  exhaust  convection  and  radiation  heat  transfer 
coefficients.  Measured  corrosion,  heat  transfer,  and  deposition  are 
discussed  in  terms  of  physical  and  analytical  models.  The  test  results 
tend  to  confirm  predicted  similarities  in  beryllium  and  aluminum  propellant 
behavior.  Deposition  and  combustion  problems  may  be  primarily  responsible 
for  materials  problems  with  beryllium  propellants. 
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SECTION  I  (C) 


INTRODUCTION 


This  report  describes  the  technical  progress  made  under  Contract 
AF  04(611)-10753,  "Beryllium  Erosion  Corrosion  Investigation  for  Solid 
Rocket  Nozzles,"  during  the  period  1  October  1965  to  15  March  1966. 

Serious  delays  in  the  motor  test  portion  of  the  program  have  occurred  dur¬ 
ing  this  period.  The  minimum  objective  of  this  report  is  to  present  the 
results  of  the  first  series  of  motor  tests.  The  second  objective  Is  to 
summarize  the  progress  in  the  analytical,  laboratory,  correlation,  and 
deisign  study  areas  of  the  program  through  the  end  of  the  reporting  period. 

The  technical  effort  on  the  contract  began  on  1  June  1965.  The  current 
scheduled  completion  date  for  the  technical  effort  is  16  August  966. 
However,  the  current  estimate  of  the  actual  completion  date  is 
I’’  October  1966  with  the  distribution  of  the  final  report  expected  on 
3J  December  1966.  The  third  technical  progress  renort  will  have  the 
minimum  objective  of  including  the  results  of  all  the  small  motor  tests 
not  covered  in  this  report.  It  is  estimated  that  this  report  will  be 
distributed  by  15  August  1966. 

The  overall  objectives  and  scope  of  the  program  were  described  in  Section  I 
of  the  First  Quarterly  Progress  Report,  Reference  1.  Briefly,  the  program 
objectives  are  to: 

(1)  Provide  an  understanding  of  the  mechanisms  of 
erosion  and  corrosion  with  beryllium  propellants. 

(2)  Determine  what  nozzle  materials  and  designs  can 
be  used  with  beryllium  propellants. 

(3)  Successfully  demonstrate  the  performance  of  a 
test  weight  nozzle  system  with  a  beryllium 
propellant. 
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Generally  speaking,  analytical  studies,  laboratory  studies,  correlation 
studies,  and  rocket  motor  test  firings  are  being  used  to  achieve  the 
program  goals.  Major  design  parameters  under  consideration  include: 

(1)  propellant  formulation,  (2)  grain  design,  (3)  nozzle  contour,  (4)  thrust 
level,  (5)  motor  configuration,  and  (6)  materials.  The  primary  materials 
of  interest  are  graphite,  dense  tungsten,  and  re-'enforced  ablative  insulation. 
Cooled  nozzle  concepts  are  excluded  from  consideration  in  the  program.  Both 
composite  and  composite  modified  double  base  beryllium  propellants,  with 
theoretical  impulse  in  the  280  to  285  second  range,  are  being  used. 

Aluminum  analogs  are  also  being  tested. 

The  program  technical  approach  Is  based  on  two  major  assumptions.  In  the 
first  place,  it  is  expected  that  the  important  differences  between  compara¬ 
ble  beryllium  and  aluminum  propellants  are  confined  to:  (1)  metal  phase 
combustion  mechanics  and  (2)  condensed  phase  impaction,  deposition,  and 
flow.  Thp  second  major  assumption  is  that  presently  used  design  and 
analysis  techniques  fall  to  accurately  characterize  some  or  all  of  the 
following  phenomena:  (1)  convective  heat  transfer,  (2)  corrosive  species 
and  reaction  products  mass  transport,  (3)  ablative  materials  pyrolysis 
products  mass  addition  to  the  nozzle  boundary  layer,  and  (4)  the  character 
and  behavior  of  condensed  phases  In  the  exhaust.  The  second  assumption  is 
not  restricted  to  beryllium  propellants.  It  is  expected  that  an  advanced 
understanding  of  the  beryllium  erosion  and  corrosion  mechanisms  can  not  be 
achieved  unless  the  Important  heat  and  mass  transfer  processes  are  well 
characterized. 

During  the  period  covered  by  Reference  1,  emphasis  was  placed  on  the  anal¬ 
ysis,  laboratory  study,  and  motor  design  areas.  Four  beryllium  and  three 
aluminum  analog  propellant  formulations  were  selected  for  use  in  the  test¬ 
ing  phases  of  the  program.  The  theoretical  and  nonequilibrium  performance 
and  corrosivity  characteristics  of  the  propellants  were  calculated. 

Progress  was  made  toward  improving  convective  heat  transfer  theory  and 
procedures  were  established  for  nozzle  post-test  thermal  analysis.  Cold 
flow  modeling  and  condensed  phase  reaction  studies  were  completed  in  the 
laboratory.  Arc  plasma  impingement  experiments  and  a  low  melting  beryllium 
compound  survey  were  initiated  as  part  of  the  laboratory  studies.  Propel¬ 
lant  grain,  motor  configuration,  and  nozzle  designs  were  completed  for  the 
early  100-pound  motor  tests.  Four  propellant  grains  and  several  sets  of 
motor  hardware  were  delivered  to  AFRPL  for  test.  However,  no  motor  tests 
were  completed  during  the  first  reporting  period. 

The  technical  effort  of  the  program  is  divided  into  four  major  areas.  The 
report  is  patterned  after  this  division.  The  analytical,  laboratory,  data 
correlation,  and  motor  test  efforts  are  covered  in  Sections  II  through  V, 
respectively.  Section  VI  contains  a  summary  of  the  industrial  hygiene 
program  results.  Section  VII  presents  a  brief  discussion  of  the  integration 
of  the  results  In  the  individual  tasks  toward  the  achievement  of  the  primary 
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objectives  of  the  program.  Ttie  format  of  each  of  the  sections  is  essen¬ 
tially  identical  to  that  used  in  Reference  1.  It  is  hoped  that  this  will 
facilitate  the  comparison  and  integration  of  results  presented  in  different 
reports.  To  maximize  continuity,  the  same  format  will  be  followed  in 
succeeding  reports. 
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SECTION  II  (C) 

ANALYTICAL  STUDIES 


2,1  (U)  OBJECTIVES,  SCOPE,  AND  SUMMARY 
a.  Objectives 

The  primary  objectives  of  the  analytical  studies  were  g  jn  in  Paragraph  2.1 
of  Reference  1  and  have  not  changed.  During  the  second  eporting  pe  !.od, 
the  following  subtasks  were  to  be  completed: 

(1)  Calculate  the  flame  side  heat  transfer  id  surface 
temperature  history  for  each  of  the  r.  les  in 
Motor  Tests  T-1  through  T-7  using  th *  corded 
thermocouple  data. 

(2)  Estimate  the  chamber  stay  times  for  the  grain 
designs  and  motor  configurations  to  be  used  n 
the  small  motor  tests. 

(3)  Evaluate  the  corrosivity  of  mixtu  of  .ne 
propellant  combustion  products  wi  insulation 
pyrolysis  products  with  respect  to  graphite, 

(4)  Estimate  heats  of  reaction  between  equilibrium 
propellant  exhausts  and  the  nozzle  throat 
materials  of  interest, 

(5)  Predict  the  end  burning  grain  deposition  rates 
using  the  cold  flow  modeling  results 
(Paragraph  3.3b,  Reference  1). 

(6)  Compare  surface  regression  measurements  from 
Motor  Tests  T-1  through  T-7  with  the  qualitative 
and  quantitative  corrosion  models. 
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b.  Scope 

The  scope  of  work  planned  in  Che  analytical  sMidies  was  presented  in 
Paragraph  2.1.b  of  Reference  1.  While  there  has  been  no  significant  change 
in  the  planned  scope,  the  slow  rate  of  motor  testing  has  necessitated  the 
deferment  of  some  of  the  effort.  The  major  emphasis  during  the  period  has 
been  placed  on  the  thermal  analysis  of  the  motor  tests.  In  turn,  this  has 
required  rather  extensive  consideration  of  the  condensed  phase  deposit 
effects , 

c.  Summary  of  Progress 

The  specific  elements  of  work  completed  during  the  second  reporting  period 
are  summarized  below: 

(1)  Propellant  formulations  have  been  selected  for 
all  of  the  remaining  motor  tests. 

(2)  Consideration  of  metal  particle  ignition  and 
combustion  models  has  continued. 

(3)  Measured  motor  ballistic  performance  has  been 
compared  with  the  idaal  performance  for  the 
seven  propellant  formulations. 

(4)  The  corrosivity  of  exhaust  gas-pyrolysis  gas 
mixtures  with  graphite  has  been  examined. 

(5)  Limited  progress  has  been  made  in  the  fluid 
mechanics  studies. 

(6)  The  themocouple  data  from  Motor  Tests  T-1 
through  T-7  have  been  reduced  and  preliminary 
comparisons  of  the  heat  transfer  coefficients 
with  theory  have  been  made. 

(7)  Two  measurements  of  the  condensed  phase  cloud 
radiation  in  the  chamber  were  made  and  the 
results  interpreted. 

(8)  The  thermal  insulation,  resulting  from 
condensed  phase  deposition  on  the  nozzle 
throat  surface,  has  been  evaluated  using  the 
deposit  thickness  nlstories  ottaineo  from  the 
motor  test  ballistic  data. 
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2.2  (C)  PROPELLANT  CHEMISTRY  AND  PERFORMANCE 
a.  (C)  Propellant  Selection 

In  advance  of  the  initiation  of  this  program,  it  was  generally  noted  that 
the  response  of  case  insulation  and  nozzle  materials  to  state-of-the-art 
beryllium  propellant  exhausts  was  both  erratic  and  extreme  relative  to  that 
experience  with  aluminum  propellants.  At  the  present  time,  it  is  apparent 
that  such  an  observation  is  too  general  to  be  useful.  Thus,  as  discussed 
in  Paragraph  5.2.b,  beryllium  propellants  will  exhibit  highly  individualistic 
characteristics  with  respect  to  their  influence  on  motor  hardware.  This  is 
believed  to  be  a  direct  result  of  the  beryllia  deposition  phenomena  and/or 
of  serious  differences  in  metal  combustion  kinetics. 

The  original  propellant  selection  criteria,  described  in  Paragraph  2.2  of 
Reference  1,  were  established  to  provide  reasonable  assurance  that  the 
general  class  of  state-of-the-art  beryllium  propellants  would  be  wefl  rep¬ 
resented  in  the  program.  This  selection  of  propellants  has  been  reviewed 
in  terms  of  the  hypothetical  combustion  model.  The  results  are  discussed 
in  Paragraph  2.3.  For  the  present,  that  discussion  and  the  discussion  of 
the  test  results  given  in  Paragraph  5.2  will  be  anticipated.  Thus,  it  is 
presumed  that  nozzle  erosion  will  be  a  function  of  deposition  and  metal 
combustion  kinetics. 

Having  taken  this  position,  a  number  of  modifications  in  the  choice  of 
propellant  formulation  for  the  individual  small  motor  tests  have  been  made. 

In  general,  greater  use  will  be  made  of  the  Arcocel  319BRF  and  Arcane  54f 
propellants,  at  the  expense  of  the  A.rcocel  191F  propellant.  This  shift  of 
emphasis  to  the  propellant  variable  necessarily  limits  the  extent  to  which 
geometric  design  and  materials  parameters  will  be  investigated.  The  end 
result  is  expected  to  be  that  more  information  will  be  obtained  regarding 
the  deposition  and  metal  combustion  effects  as  a  function  of  propellant 
formulation.  To  this  end,  a  new  series  of  tests  (T-21  and  T-22)  has  been 
created  in  an  attempt  to  precipitate  nonequilibrium  metal  combustion  with 
a  simple  (to  analyze)  motor-nozzle  design. 

It  is  expected  that  the  small  motor  test  results  will  be  most  useful  in 
supporting  or  refuting  the  hypothetical  and  analytical  models  being  examined. 
The  overall  program  objective,  of  course,  is  to  identify  and  understand  the 
primary  mechanisms  of  corrosion-erosion.  The  detailed  analytical  examina¬ 
tion  of  the  phenomena  that  are  basic  to  all  propellants,  hardware,  and  tests 
is  essential  to  achieving  the  required  understanding  of  the  exhaust  mate¬ 
rials  interaction  problem.  Ultimately,  effective  analytical  and  configura¬ 
tion  design  techniques  and  controls  will  be  established. 

In  the  interim,  two  points  should  be  considered.  First,  a  new  set  of 
propellant  selection  criteria  must  be  established  for  research  and  mate¬ 
rials  evaluation  programs.  In  cases  when  propellants  are  selected  without 
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regard  to  materlais  problems,  ■  net  set  of  hardware  sign  criteria,  semi- 
empirically  tailored  to  the  given  propellant,  will  required.  Generalized 
criteria,  such  as  oxidation  ratio,  XSO,  flame  tempe;  ture,  metal  loading 
and  (possibly)  ideal  performance  parameters,  may  .  of  very  little  value. 
However,  when  It  is  predicted  or  demonstrated  th  deposition  and  metal 
combustion  effects  are  essentially  absent  (or  1- relevant),  then  beryllium 
propellant  selection  criteria  s’'ould  reduce  to  those  which  are  successful 
with  aluminized  propellants.  The  second  point  Involves  the  interpretation 
of  the  motor  test  data  reported  here.  The  deposition  and  corrosion  data 
are  characteristic  of  these  particular  tests  and  must  not  be  quantitatively 
extrapolated  to  other  testa  or  designs  The  one  major  exception  is  the  gas 
side  heat  transfer.  This  particular  data,  except  for  the  inherent  accuracy 
problem,  should  be  representative  of  the  propellants  tested.  The  effective 
heat  transfer  coefficients  are  dependent  on  radiation  and  deposition  and 
cannot  be  applied  generally. 

A  good  illustration  of  the  systematic  selection  of  propellants  for  a  mis¬ 
sile  system  may  be  found  in  Reference  2,  Section  II. A.  Here,  the  most 
important  selection  criteria  were;  availability  (and  stato  of  development), 
ideal  theoretical  performance,  and  measured  performance.  Ihropellants  were 
classified  in  accordance  with  their  ingredients  in  much  the  same  manner  as 
was  done  in  this  contract.  It  should  be  noted  that  the  types  of  beryllium 
propellants  presently  being  used  are  well  represented  in  Table  III,  page  9 
of  Reference  2,  From  this  table  it  may  be  observed  that  the  impulse  effi¬ 
ciencies  for  the  beryllium  propellants  are  typically  lower  than  the  aluminum 
propellants.  Conceivably,  this  could  be  the  result  of  either  deposition  or 
combustion  effects. 

Reference  2,  Section  II.C.l,  also  considers  nozzle  materials  selection. 
Apparently,  based  on  Aerojet's  experience,  beryllium  propellants  are  regarded 
as  being  much  more  corrosive  to  graphite  materials  than  aluminum  propellants. 
The  results  of  the  present  program  suggest  that  while  this  may  be  true  in 
some  motors  and  for  some  propellants,  it  is  not  necessarily  true  in  general. 
It  is  suggested  that  the  blame  for  the  apparent  corrosiveness  of  beryllium 
propellants  lies  jointly  with  the  design  and  the  propellant  formulation. 

Of  course,  it  should  not  be  assumed  that  the  design  criteria  for  beryllium 
propellants,  which  may  ultimately  be  developed  as  a  cure,  will  be  more 
acceptable  than  the  excessive  corrosion-erosion.  In  any  event,  the  recom¬ 
mendations  of  Reference  2  include  a  requirement  for  a  nozzle  development 
study  effort  to  demonstrate  nozzle  design  feasibility.  It  is  possible 
that,  in  the  long  run,  it  may  be  more  attractive  to  revise  the  propellant 
selection  in  such  a  way  as  to  minimize  both  the  nozzle  materials  problem 
and  the  nozzle  development  requirement.  It  is  expected  that  the  results 
of  the  present  program  will  constitute  a  practical  step  in  that  direction. 
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b.  (C)  Propellant  Characterization 

(1)  (U)  Ballistic  Performance 

The  ideal  ballistic  performance  parameters  calculat'^d  for  the  seven  propel¬ 
lants,  selected  for  use  in  this  program  are  given  In  Table  VI  of  Reference  1. 
Such  data  are  used  for  comparison  purposes  in  the  discussions  of  nonideal 
performance  in  Paragraph  2.3. 

(2)  (U)  Ideal  Exhaust  Coraposltion 

No  data  have  been  generated  during  the  raporting  period  to  supplement  the 
ideal  exhaust  compositions  which  were  given  in  Table  .  LI  of  Reference  1. 

(3)  (C)  Ideal  Corrosion  Theory 

A  highly  idealized  corrosion  prediction  technique  was  described  in 
Paragraph  2.2.b(3)  of  Reference  1.  It  is  the  objective  of  such  a  theory 
to  relate  the  boundary  layer  conductances  for  heat  and  mass  transfer.  It 
cannot,  of  course,  be  applied  when  protective  deposits  are  present  on  the 
nozzle  throat  surfaces.  It  is  restricted  to  the  case  of  reactions  which 
produce  gaseous  products  by  gaseous  reactions  with  solids.  It  is  also 
required  that  the  boundary  layer  be  well  developed  both  thermally  and 
chemically.  Strictly  speaking,  the  wall  must  be  isothermal,  there  should 
be  no  free  stream  pressure  gradients,  and  the  Lewis  number  should  be  unity. 

In  using  the  theory,  an  absolute  requirement  is  that  the  chemical  composi¬ 
tion  of  the  free  stream  (exhaust  and/or  boundary  layer)  must  be  knoum. 

The  addition  of  ablation  product  ,  from  dissimilar  materials  upstream  of 
the  point  of  interest,  violates  the  requirements  of  the  simple  theory. 
Significant  axial  temperc ture  gradients  along  the  noczle  contour  also 
violate  the  theory.  Nevertheless,  comparison  of  the  theory  with  the  motor 
test  results  should  be  informative.  It  is  ultimately  expected  that  empir¬ 
ical  correlations  of  the  simple  theory  can  be  developed  and  used  for  design 
purposes . 

The  ideal  corrosion  theory  predicts  a  low  temperature  threshold  for 
corrosion  by  the  propellants  of  interest.  For  graphite,  the  ideal  threshold 
temperature  is  approximately  i9C0°F.  Below  that  temperature,  the  exhaust 
gases  are  essentially  saturated  with  carbon  and,  consequently,  are  inert 
to  graphite.  Furthermore,  the  simple  theory  suggests  that  the  corrosion 
rate  should  be  about  constant  (independent  of  surface  temperature)  for 
double  base  propellants  over  the  range  of  2000  to  4000°F  (beryllium)  or 
to  3500°F  (aluminum).  The  data  from  Motor  Test  T-3  (Arcocel  319BRF)  and 
its  analog,  T-6  (Arcocel  390),  indicate  that  corrosion  started  when  the 
wall  temperature  reached  approximately  2500°F.  In  each  of  these  tests, 
oxide  deposits  began  to  coat  the  throat  within  a  few  seconds  after  the 
corrosion  began.  The  deposit  remained  on  the  throat  until  the  end  of 
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firing.  The  measured  erosion  rate,  over  the  short  period  when  the  corrosion 
apparently  occurred,  was  slightly  less  than  0.001  inch  per  second.  In  com¬ 
parison,  Equation  17,  Reference  1,  predicts  a  rate  which  is  only  about 
15  percent  higher. 

In  Motor  Test  T-5  (Arcane  60),  the  alumina  deposit  was  removed  from  the 
throat  (or  some  fraction  of  it)  when  the  surface  temperature  passed  the 
alumina  melting  point  (about  3700°F).  The  maximum  throat  surface  tempera¬ 
ture  was  about  3800°F.  The  pressure  and  thrust  data  strongly  suggest  that 
some  deposit  was  still  passing  through  the  throat  near  the  end  of  the  test. 

The  temperature  measurements  tend  to  average  out  any  circumferential  varia¬ 
tions  in  heat  transfer  or  deposition.  Consequently,  it  is  speculated  that 
the  bottom  half  of  the  nozzle  may  have  been  coated  while  the  top  half  was 
not.  If  this  is  true,  then  the  maximum  erosion  rate  was  also  about  0.001  inch 
per  second  (the  average  being  half  of  that  value).  In  this  case,  the  pre¬ 
dicted  rate  is  4  to  5  times  the  measured  value.  Postfiring  measurements  of 
the  nozzle  throat  (with  deposits  removed)  showed  it  to  be  slightly  elliptical. 
The  beryllium  analog  firing  T-4  (Arcane  54F)  did  not  produce  any  surface 
regression  since  the  deposit  did  not  come  off  the  throat  until  the  motor 
pressure  fell. 

In  each  of  the  tests,  other  than  T-3  and  its  analog  T-6,  the  deposit  first 
reached  the  throat  when  the  surface  temperatures  were  in  the  range  of  2500 
to  2800°F.  No  predeposition  corrosion  was  observed  in  these  tests. 

Evidently  then,  a  corrosion  threshold  exists  for  the  Arcocel  319BRF  and 
its  aluminum  analog  in  the  vicinity  of  2500°F,  not  very  far  above  the 
predicted  value.  Deposition  may  easily  have  obscured  the  existence  of 
similar  thresholds  for  the  other  propellants. 

The  Arcocel  19lF  ana  its  analog,  Arcocel  389,  (Tests  T-1  and  T-7)  were  the 
only  propellants  to  produce  throat  surface  temperatures  above  4200°F.  This 
temperature  is  regarded  as  the  threshold  for  the  high  temperature  corrosion 
regime.  That  is,  above  this  level,  the  hydrogen-graphite  reactions  become 
important.  In  each  of  these  tests,  the  nozzle  throats  were  somewhat  ellip¬ 
tical  so  that  the  maximum  surface  regression  could  be  as  much  as  twice  the 
average  rate  of  about  0.0025  inch  per  second.  Tlie  maximum  throat  surface 
temperatures  were  4800  and  5200°F  for  Tests  T-1  and  1-7,  respectively.  It 
should  be  noted  that  the  calcul.'ted  throat  surface  temperature  rise  rate 
is  severely  reduced  when  corrosi.on  begins.  This  is  thought  to  be  a  con¬ 
sequence  of  the  hydrogen  reactions  (producing  acetylene)  being  endothermic. 

The  net  increase  in  the  reaction  rate,  over  the  low  temperature  value  of 
0.001  inch  per  second  for  the  other  propellants,  is  about  0.002  inch  per 
second.  Again,  this  is  an  average  value  which  could  be  .luch  lower  than 
the  maximum  due  to  nonunifcrm  throat  deposit  coverage.  The  theoretical 
corrosion  rate  predicted  for  the  beryllium  propellant  (191F)  at  4800°F  is 
5  times  the  measured  value.  For  the  aluminum  analog  at  5200°F,  the  pre¬ 
dicted  value  is  a  factor  of  10  higher.  From  this,  it  could  be  argued  that 
there  are  powerful  kinetic  reaction  rate  limitations  which  pertai.i  for  the 
hydrogen  rerctions  in  the  high  temperature  regime. 
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while  further  study  of  the  relationship  between  the  simple  theory  and  motor 
test  data  is  required,  several  conclusions  can  be  drawn.  Thus,  it  is 
apparent  that  the  qualitative  behavior  of  the  propellant  analog  pairs  is 
extensively  similar  in  terms  of  corrosion.  At  the  same  time,  there  is 
very  little  superficial  similarity  among  the  various  formulations.  However, 
the  differences  can  be  interpreted  with  some  success  by  exploiting  the 
simple  corrosion  theory  during  the  portion  of  the  firing  period  when  deposit 
effects  do  not  prevail.  Finally,  the  magnitudes  of  the  measured  corrosion 
rates  are  not  of  the  order  expected  when  the  metal  phase  has  not  burned 
completely. 

c.  (U)  Propellant  Thermal  Properties 

The  average  boundary  layer  specific  heat,  as  a  function  of  wall  temperature, 
has  been  calculated  for  each  of  the  propellants  used  in  the  program.  Data 
were  calculated  at  the  nominal  chamber  pressure  (800  psia)  and  at  400  psia 
(which  approxiraater  the  throat  pressure).  The  average  specific  heat,  C  , 
is  the  average  slope  of  the  exhaust  enthalpy-temperature  curve  (at  constant 
pressure),  taken  from  the  stagnation  enthalpy  (no  correction  for  recovery 
effect)  to  the  exhaust  enthalpy  at  the  wall  temperature  of  interest.  The 
Up  data  for  the  beryllium  propellants  are  given  in  Figures  1  and  2  for  the 
800  and  400  psia  pressures,  respectively.  The  same  data  for  the  aluminum 
propellants  are  given  in  Figure  3. 

The  step  in  the  Up  curves  is  a  consequence  of  metal  oxide  fusion.  If  con¬ 
densed  beryllia  is  present  in  the  boundary  layer,  it  may  rot  freeze  as  it 
approaches  the  wall.  However,  any  beryllia  which  comes  in  contact  with  the 
wall  or  deposit  surface  may  stick  and  then  freeze,  contributing  to  the  heat 
transfer.  Theoretically,  there  are  limiting  particle  stream  lines  which 
suggest  that,  from  some  point  on  the  contour  (upstream  of  the  throat),  there 
will  be  no  condensed  material  in  the  boundary  layer.  A  significant  change 
in  Up,  boundary  layer  density,  and  convective  beat  transfer  coefficient 
would  occur  at  such  a  point  and  persist  downstream.  Basically,  a  reduction 
in  heat  transfer  is  expected,  possibly  explaining  the  rapid  decay  in  con¬ 
vective  coefficients  downstream  of  the  throat  observed  with  metalized  solid 
propellants.  The  very  small  particle  size  of  the  beryllia  (see  Section  III) 
suggests  that  it  may  be  present  in  the  boundary  layer  as  far  as  the  throat. 
The  small  particle  size  should  permit  a  higher  degree  of  freezing  in  the 
boundary  layer  than  would  otherwise  occur.  Consequently,  while  Cp  data  may 
be  somewhat  conservative,  they  are  being  used  as  presented. 

2.3  (C)  NONIDEAL  PROPELLANT  CHEMISTRY  AND  PERFORMANCE 

a.  (C)  Solid  Propellant  Combustion 

One  of  the  most  powerful  idealizations  in  chemical  propulsion  systems  design 
and  analysis  is  that  the  propellant  combusts  to  the  theoretical  equilibrium 
state.  In  general,  it  may  be  assumed  that  this  state  is  never  achieved  in 
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FIGURE  1,  AVERAGE  BOUNDARY  LAYER  SPECIFIC  HEAT  FOR  BERYLLIUM 
PROPELLANTS  -  800  PSIA 
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FIGURE  2.  AVERAGE  BOUNDARY  LAYER  SPECIFIC  HEAT  FOR  BERYLLIUM 
PROPELLANTS  -  400  PSIA 


FIGURE  3,  AVERAGE  BOUNDARY  LAYER  SPECIFIC  HEAT  FOR  ALUMINUM  PROPELLANT  J 
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practice.  Finite  times  are  always  required  to  complete  chemical  reactions 
even  under  the  most  ideal  conditions.  Fortunately,  such  times  are  very 
small.  However ,  a  solid  propellant  is  far  from  ideal,  at  least  in  the 
sense  that  it  is  not  microscopically  homopeneous.  A  metalized  solid  propel¬ 
lant  is  even  less  homogeneous.  The  combustion  process,  then,  becomes  con¬ 
tingent  on  the  mechanics  of  the  mixing  and  heating  processes.  Since  we  are 
dealing  with  an  open  flow  system,  relatively  large  times  and  axial  flow 
distances  will  potentially  be  required  to  achieve  -a  degree  of  submicroscopic 
uniformity  which  approximates  thermodynamic  equilibrium. 

This  general  situation  is  not  unconimon  in  liquid  propellant  engines  nor  has 
it  gone  unrecognizea  in  the  solid  propellant  field.  In  the  present  program, 
the  nrimary  question  has  been  reduced  to  determining  whether  beryllium 
propellant  combustion  mechanics  or  kinetics  may  be  significantly  different" 
from  what  they  are  for  aluminum.  In  either  case,  it  is  highly  desirable, 
in  the  interpretation  of  nozzle  heat  transfer  and  corrosion,  to  have 
reasonably  accurate  knowledge  of  the  characteristic  times  required  to 
corrpiete  combustion  in  a  practical  sense.  It  such  "stay-times"  vary  sig¬ 
nificantly  among  propellant  systems  or  individual  propellants,  much  of  the 
nozzle  corrosion -erosion  confusion  could  probably  be  eliminated. 

In  examining  a  wide  variety  of  beryllium  propellant  test  data,  some  of 
which  art  discussed  in  Paragraph  4.2,  tne  minimum  in  chamber  stay-time 
appears  to  be  in  the  range  of  one  tenth  to  one  millisecond.  Maximum  values 
depend  primarily  on  motor  scale  and  can  be  of  the  order  of  a  second.  In 
defining  the  stay-time,  the  shortest  stream  line  distance  from  the  propel¬ 
lant  surface  to  the  wall  or  to  the  nozzle  throat  is  of  interest.  By  neg¬ 
lecting  the  potential  condensed  phase  velocity  ' jg  and  gas  temperature 
variations  along  such  stream  lines,  approximate  stay- times  are  deduced 
directly.  For  comparison,  the  theoretical  and  experimental  work  of 
References  3  and  4  (for  example)  indicate  that  total  metal  particle  burn 
times  may  fall  in  the  range  of  one  tenth  to  ten  milliseconds. 

The  qualitative  beryllium  propellant  combustion  model  described  in 
Paragraph  2.3,  Reference  1,  hypothesizes  that  the  be*ryllium  metal  particles 
actually  leave  the  grain  surface  and  are  carried  along  by  the  gas  phase. 

It  is  also  supposed  that  the  particle  must  ignite  and  burn  in  a  gas  pha..e 
which  results  from  the  "rapid"  combustion  of  all  other  propellant  ingredients. 
In  contrast  to  aluminum,  the  beryllium  particle  may  leave  the  grain  surface 
without  having  melted.  During  and  after  particle  ejection  from  the  grain, 
surface  oxidation  should  occur.  The  oxide  coating  would  then  act  to  slow 
the  particle  heating  process  and  retard  or  eliminate  further  reactions  with 
the  encapsulated  metal.  If  the  oxide  eventually  melts,  the  beryllium 
vapor  will  become  available  for  reaction.  Consump''ion  or  the  vapor  will 
cause  more  vaporization  and  increased  local  temperatures,  accelerating  the 
combustion  process  until  the  supply  of  oxygen  (as  H2O,  etc.)  becomes 
critical.  In  the  event  that  the  oxide  coating  is  porous,  beryllium  vapor 
may  leak  out,  permitting  combustion  at  relatively  lower  rates  and  lower 
particle  temperatures. 
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Originally,  it  was  assumed  that  the  ignition  delay  and  combustion  times 
were  potentially  the  only  important  delays  in  the  process  of  attaining  the 
thermodynamic  equilibrium.  However,  there  may  be  one  additional  delay. 

Thus,  the  beryllium  vapor  flame  should  produce  nonequilibriiim  concentrations 
of  the  metal  chloride  and  hydroxide  gases  as  well  as  beryllia,  beryllium 
nitride,  and  beryllium  carbide.  Obviously,  even  a  temporary  compounding  of 
beryllium  with  other  than  oxygen  or  water  will  increase  the  corrosivity  of 
the  exhaust  with  respect  to  carbon  or  tungsten.  It  is  speculated  that  very 
long  times  may  be  required  to  complete  the  redistribution  of  the  gaseous 
beryllium  phases  both  because  the  free  energy  change  is  small  and  because 
gas  reaction  kinetics  may  be  important.  The  production  of  nonequilibrium 
quantities  of  the  hydroxides  should  not  have  a  significant  influence  on 
either  propellant  performance  or  corrosion.  That  is,  the  hydroxide 
(Be0-H20)  is  simply  the  association  of  two  molecules  which  would  have 
existed  separately.  On  cooling  in  the  nozzle  boundary  layer,  the  hydroxide 
should  dissociate  into  beryllia  gas  and  water  or  hydrogen.  While  the  pre¬ 
cipitated  beryllia  will  be  more  reactive,  it  will  exist  at  relatively  low 
corxentrations  so  that  the  diffusion  transport  rates  will  be  low.  In  the 
free  stream,  the  hydroxide  may  precipitate  beryllia  on  existing  particles 
causing  them  to  grow. 

The  more  dangerous  situation  would  result  from  the  formation  of  excess 
chlorides.  Both  propellant  performance  losses  and  increased  corrosion 
should  result,  The  credibility  of  this  argument  will  be  explored  further 
by  means  of  suitable  data  correlation  and  nonideal  propellant  performance 
analyses.  The  discussion  in  Paragraph  b,  following,  compares  the  measured 
C-star  data  from  the  end  burning  grain  tests.  It  is  noted  there  that  the 
highest  efficiency  was  delivered  by  the  Arcocel  319BRF  propellant.  This 
particular  propellant,  in  addition  to  being  the  only  beryllium  formulation 
based  on  RDX,  has  the  lowest  weight  percent  of  amonium  perchlorate. 
Unfortunately,  the  aluminum  analog  test  was  a  hang  fire  and  good  performance 
data  were  not  obtained.  On  the  other  hand,  the  Arcocel  389  and  Arcane  60 
aluminum  propellants  exhibited  high  efficiencies.  Therefore,  the  beryllium 
propellant  chloride  content  appears  to  be  the  most  promising  correlation 
parameter  for  the  present. 

The  qualitative  beryllium  combustion  model  suggests  a  number  of  propellant 
and  motor  design  parameters  which  should  be  useful  in  correlating  corrosion 
data.  Among  these  are  (1)  ideal  flame  temperature,  (2)  flame  temperature 
without  any  metal  burning,  (3)  oxide  melting  point,  (4)  oxidizing  species 
concentrations  at  ideal  combustion  conditions,  (5)  oxidizing  species  con¬ 
centrations  without  any  metal  combustion,  (6)  total  chlorine  concentration, 
(7)  chlorine  to  hydrogen  ratio  without  metal  combustion,  (8)  percent  of 
metal  burning  required  to  raise  the  flame  temperature  to  the  oxide  melting 
point,  (9)  no  lag  chamber  stay-time,  (10)  chamber  velocity,  (11)  propellant 
burn  rate  and  burn  rate  exponent,  and  (12)  metal  particle  size  distribution. 
A)  1  of  these  parameters  may  ‘‘ave  an  influence  on  the  ignition  delay,  particle 
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burn  time,  and  mixing  time  requirements  for  the  metal  particles.  Several 
of  the  items  are  significantly  different  for  the  two  metals  of  interest. 

The  relationship  of  these  parameters  to  experimental  nozzle  corrosion  data 
will  be  examined  in  the  correlation  studies  during  the  remainder  of  the 
program. 

b.  (C)  Nonideal  Ballistic  Performance 

Ballistic  performance  calculations  have  been  performed  for  the  seven  propel¬ 
lant  formulations  as  a  function  of  the  percent  of  the  metal  phase,  which  is 
permitted  to  burn.  The  unburned  metal's  heat  capacity  is  included  but  the 
metal  is  otherwise  unaffected  as  it  passes  through  the  nozzle.  Such  a 
situation  could  physically  occur  when  the  total  particle  stay-times  fall 
between  the  ignition  delay  and  complete  beryllium  combustion  times.  Here, 
the  complete  combustion  implies  thermodynamic  equilibrium.  Intermediate 
nonequi librium  in  the  gas  phases  is  not  accounted  for. 

The  results,  C-star,  and  impulse  for  the  Arcocel  191F  and  its  analog, 

Arcocel  389,  were  presented  in  Figures  4  through  7  of  Reference  1.  The 
variation  in  C-star  for  all  the  beryllium  and  aluminum  formulations  is 
approximately  linear  between  the  following  extremes: 


Propellant 

0%  Metal  Burned 
(ft/sec) 

100%  Metal  Burned 
(ft/sec) 

Arcocel  191F  (Be) 

4410 

5450 

Arcocel  389  (Al) 

4160 

5170 

Arcocel  319BRF  (Be) 

4450 

5510 

Arcocel  390  (Al) 

4230 

5280 

Arcane  54f  (Be) 

4200 

5420 

Arcane  60  (Al) 

3900 

5120 

Arcane  24F  (Be) 

4230 

5400 

The  variation  in  optimum  specific  impulse  is  also  nearly  a  linear  function 
of  the  percent  metal  burned.  The  variation  in  impulse  for  all  the  beryllium 
and  aluminum  propellants  at  the  25  and  100  percent  metal  combustion  points 
is  shown  below: 


Propellant 

Arcocel  191F  (Be) 
Arcocel  389  (Al) 
Arcocel  319BRF  (Be) 
Arcocel  390  (Al) 
Arcane  54F  (Be) 
Arcane  60  (Al) 
Arcane  24f  (Be) 


25%  Metal  Burned 
_ (sec) _ 

233 

220 

235 

224 

225 
212 

226 


100%  Metal  Burned 
_ Lsec} _ 

278 
261 
282 
264 

279 
258 
278 
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There  is  not  a  great  deal  of  variation  among  the  propellants  in  terms  of  the 
character  of  the  dependence  of  performance  on  metal  burning.  Consequently, 
performance  measurements  should  reflect  incomplete  combustion  tendencies 
for  any  of  these  (and  probably  other)  propellants.  For  this  reason,  the 
C-star  and  impulse  efficiencies  for  the  initial  motor  tests  have  been 
examined  in  detail.  The  C-star  efficiencies  have  been  calculated  in  two 
ways.  First,  the  average  value  for  each  test  was  determined  using  the 
Integrated  average  pressure,  integrated  average  throat  area,  and  the  average 
mass  flow  (based  on  the  original  propellant  weight  and  the  action  time). 

The  second  method  used  the  instantaneous  values  of  pressure,  throat  area 
and  mass  flow  (compatible  with  the  derived  deposit  and  burn  rate  histories). 
The  values  selected  represent  levels  maintained  for  a  major  portion  of  the 
action  time.  The  impulse  efficiencies  have  been  calculated  using  the 
integral  average  delivered  thrust  and  the  average  mass  flow  (based  on  the 
original  propellant  weight  and  the  action  time). 

The  impulses  have  been  corrected  for  the  divergence  loss.  However,  it  is 
clear  from  the  motion  pictures  of  Tests  T-1  through  T-7,  that  exit  cone 
deposits  caused  some  detachment  and  other  side  force  producing  effects. 

The  results  are  given  in  the  following  table.  It  should  be  noted  that  the 
ideal  C-star  and  impulse  values  correspond  to  the  nominal  800  psia  chamber 
condition.  These  values  will  eventually  be  corrected  to  the  experimental 
average  pressures. 


'^c  c*  c*  hr 


Propellant 

(averase) 

Ji, 

(Instantaneous) 

JL 

(average) 

X 

Arcocel  191F  (Be) 

818 

5170 

95.0 

4850 

89.3 

243 

88.5 

Arcocel  369  (Al) 

935 

4300 

92.7 

5100 

98.5 

230 

88.1 

Arcocel  319BRF  (Be) 

737 

5525 

100.2 

5480 

99.6 

253 

89,7 

Arcocel  390  (Al) 

536 

4910 

93.0 

- 

- 

229 

86.7 

Arcane  54F  (Be) 

799 

4890 

90.3 

4800 

88.5 

239 

85.6 

Arcane  60  (Al) 

830 

4910 

95.9 

4800 

93.8 

234 

90.6 

Arcane  24F  (Be) 

723 

5055 

93.’ 

4850 

89.9 

244 

87.8 

Evidently,  the  C-star  and  impulse  efficiencies  do  not  follow  the  same 
pattern,  except  possibly  that  the  Arcane  54f  gave  the  lowest  performance 
in  each  category.  The  impulse  efficiencies  o£  the  beryllium  propellants 
are  in  the  same  order  as  the  equilibrium  HCl  and  H2O  concentration,  but 
this  does  not  hold  for  the  aluminum  propellants.  The  highest  C-star  effi¬ 
ciency  was  obtained  from  the  Arcocel  319BRF  which  has  only  8  percent 
ammonium  perchlorate  and  b}'  far  the  minimum  equilibrium  exhaust  HCl  and 
H2O  content.  The  beryllium  performance  does  not  correlate  with  the  exhaust 
flame  temperature  without  metal  burning.  In  fact,  it  is  doubtful  that 


-17- 


CONFIDENTIAL 


CONFIDENTIAL 


there  is  a  significant  difference  in  the  C-star  efficiencies  of  the  beryl¬ 
lium  propellants  other  than  the  Arcocel  319BRF.  The  aluminum  analogs  may 
have  significantly  higher  efficiencies. 

Basically,  the  measured  performance  data  do  not  provide  an  entirely  clear 
reflection  of  the  degree  of  combustion.  However,  it  strongly  suggests 
that  complete  combustion  was  not  achieved.  It  is  clear  that  neither  type 
of  C-star  effeciency  is  entirely  accurate.  Further  examination  of  the 
ballistic  data  and  the  evaluation  of  succeeding  tests  with  these  propellants 
are  required  before  any  final  conclusions  can  be  drawn.  If  it  is  ultimately 
confirmed  that  complete  combustion  was  not  achieved,  some  of  the  basic  heat 
transfer  results  will  have  to  be  revised.  The  effect  would  be  to  increase 
the  gas  side  convective  coefficients.  The  interpretation  of  the  corrosion 
data  should  not  change  a  great  deal. 

c.  (U)  Nonideal  Exhaust  Compositions 

At  the  close  of  the  reporting  period,  several  types  of  nonideal  exhaust 
composition  calculations  were  in  progress.  Primarily,  an  attempt  is  being 
made  to  examine  the  relationship  among  the  H2,  HCl,  H2O  and  Be  species  in 
the  vicinity  of  the  burning  metal  particles.  The  relationship  between  NO, 
N2,  and  Be  is  also  being  examined.  These  results  will  be  presented  in  a 
later  report. 

d.  (C)  Nonideal  Exhaust  Corrosivity 

Because  beryllium  has  a  low  vapor  pressure  and  BeO  has  a  high  melting  point 
(2823°K) ,  the  model  for  nonequilibrium  combustion  of  beryllium  assumes 
that  an  oxide  layer  rapidly  forms  over  the  beryllium  particle,  inhibiting 
further  vaporization  and  reaction.  For  the  larger  particles  it  is  assumed 
that  the  metal  must  be  heated  to  the  temperature  at  which  the  oxide  coating 
will  melt  before  rapid  burning  of  the  beryllium  will  occur.  In  addition, 
it  is  assumed  that  the  binder  and  oxidizer  burn  to  equilibrium  very  close 
to  the  propellant  grain  surface. 

A  consequence  of  these  two  assumptions  is  that  ignition  of  the  metal  par¬ 
ticles  must  occur  downstream  of  the  propellant  flame  front.  For  small 
residence  times,  this  means  that  the  exhaust  stream  can  mix  with  ablative 
insulation  pyrolysis  products  before  ignition  of  the  beryllium  particles 
can  occur.  Such  mixing  can  have  two  major  effects:  (1)  it  can  change  uhe 
chemical  composition  of  the  gas  mixture  and  hence,  influence  the  subsequent 
combustion  kinetics  of  the  beryllium  particles,  and  (2)  it  can  change  the 
temperature  level  of  the  gas  mixture,  also  influencing  the  metal  combustion 
kinetics.  A  limited  study  has  been  conducted  to  identify  the  chemical 
reactions  and  temperature  changes  associated  with  such  mixing. 
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The  identification  of  the  pyrolysis  gases  requires  an  analysis  of  the  decom¬ 
position  of  the  virgin  ablative  material  and  the  flow  to  the  char  surface. 

A  simplified  analytical  technique  has  been  developed  at  Aeronutronic  under 
Contract  AF  04(611)-9904,  for  carbon  cloth  and  graphite  cloth  phenolics. 

For  these  materials,  the  analysis  can  be  limited  to  defining  the  weight 
ratio  of  hydrogen  to  oxygen  being  generated.  It  is  assumed  that  all  the 
hydrogen  and  oxygen  in  the  resin  are  removed  during  pyrolysis  and  that 
these  gases  are  in  equilibrium  with  the  char  at  a  fixed  char  temperature 
and  local  pressure.  Thus,  a  carbon  saturated  gas  system  is  generated  con¬ 
sisting  principally  of  gaseous  CO,  H2,  HoO,  CO2,  and,  depending  on  tem¬ 
perature,  CH;^  or  C2H2  and  C2H.  This  carbon  saturated  gas  stream  is  then 
allowed  to  mix  and  react  with  the  combustion  product  free  stream  in  fixed 
mixture  ratios. 

Initial  pyrolysis  gas  te  peratures  of  3100°K,  2600^K,  2100°K,  1600“K  and  a 
pressure  of  800  psia  wi.j  selected  for  these  calculations.  The  resultant 
data  are  shown  in  Figures  4  and  5.  Figure  4  shows  the  equilibrium  gas 
temperature  as  a  function  of  the  percent  combustion  product  free  stream 
from  Arcocel  319BRF  propellant.  Zero  beryllium  combustion  is  assumed. 

The  unburned  metal  is  presumed  to  be  at  the  temperature  of  the  exhaust  in 
order  to  include  the  heat  capacity  contribution  of  the  metal. 

The  principal  oxidiziiig  specie  in  the  combustion  product  free  stream  is 
H2O.  The  subsequi'jnt  oxidation  by  this  H2O  of  the  hydrocarbons  from  the 
ablative  insulation  pyrolysis  to  CO  and  hydrogen  not  only  is  endothermic 
but  also  drastically  reduces  the  concentration  of  those  gaseous  species 
which  could  supply  oxygen  to  the  metal.  As  indicated  in  Figure  5,  the 
addition  of  more  than  about  25  percent  pyrolysis  gases  (degas)  to  the 
combustion  product  gas  stream  would  preclude  complete  oxidation  of  beryllium. 
There  is  not  sufficient  oxygen  in  the  system  to  handle  the  additional  carbon 
and  the  'feryllium.  Some  of  the  beryllium  combusting  in  such  an  environment 
will  form  condensed  Be2C  or  Be3N2,  depending  on  the  temperature  conditions. 
Negative  values  shown  in  Figure  5  imply  that  the  mixture  is  oxygen  deficient 
with  respect  to  complete  beryllium  metal  combustion. 

It  is  apparent  that  the  pyrolysis  products  are  capable  of  consuming  thermal 
energy  by  both  dilution  and  chemical  reaction.  Those  reactions  which  occur 
on  mixing  will  tend  to  reduce  the  oxygen  available  to  beryllium.  This  will 
either  prevent  further  burning  or  slow  combustion  considerably.  It  also 
becomes  more  likely  that  nonequilibrium  quanii-ties  of  gaseous  and/or 
condensed  beryllium  species  may  appear  in  the  boundary  laj^er.  While  the 
contour  may  be  locally  shielded  from  the  effects  of  the  highly  oxidizing 
exhaust,  nonnblating  surfaces  downstream  could  still  be  affected  signif¬ 
icantly  since  all  of  the  available  oxygen  (with  respect  to  graphite  or 
tungsten)  would  not  be  consumed  if  beryllium  particle  burning  is  stopped 
during  mixing  of  the  exhaust  and  pyrolysis  gases. 
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2.4  (U)  FLUID  MECHANICS 

Several  discussions  regarding  the  two  phase  flow,  grain  design  and  bound¬ 
ary  layer  theory,  have  been  included  in  Paragraphs  3,3,  5.3,  and  2.5, 
respectively. 

Two  phase  flow  calculations  have  been  postponed  again  due  to  the  poor 
definition  of  the  condensed  phase  particle  size.  For  beryllium  propellants, 
there  may  still  be  a  possibility  that  the  beryllia  particle  size  distribu¬ 
tion  can  be  related  to  the  original  beryllium  metal  particle  size  distri¬ 
bution.  Establishing  such  a  relation  requires  a  significant  amount  of 
effort  in  particle  counting.  The  samples  obtained  in  the  initial  motor 
firings  may  be  somewhat  biased. 

It  is  presently  felt  that  the  open  mouthed  bottles  on  the  second  sampler 
(see  Section  IV)  are  the  best.  A  cursory  examination  of  several  of  the 
particle  photographs  (see  Paragraph  3.4)  suggests  that  there  may  be  a 
continuous  size  variation  but  there  are  not  very  many  of  the  largest 
particles.  The  largest  beryllia  particles  are  approximately  15  percent  of 
the  diameter  of  the  largest  beryllium  metal  particles  in  the  propellant. 

If  the  particle  sizes  obtained  from  the  internal  burning  grain  tests  are 
similar  to  those  from  the  remote  end  burner  tests,  some  particle  counting 
would  be  in  order.  Current  speculation  is  that  alumina  particles  increase 
in  size  while  they  flow  through  the  motor.  If  this  is  primarily  a  result 
of  the  condensation  of  alumina  from  the  gaseous  suboxides,  hydroxides, 
and/or  chlorides,  then  a  comparable  phenomenon  may  not  exist  for  the 
beryllia , 

In  the  correlation  studies,  some  indication  of  the  existence  of  poor  metal 
particle  combustion  has  been  found.  The  no-lag  chamber  stay-times  required 
for  complete  combustion  of  the  Arcane  53  propellant  (Paragraph  4.2)  were 
estimated  to  be  in  the  range  of  3  to  4  milliseconds.  During  the  next 
reporting  period,  the  velocity  and  thermal  lags  for  the  metal  particles 
will  be  estimated.  The  particle  flight  times  and  combustion  temperatures 
will  also  be  estimated.  Motor  Tests  T-21  and  T-22  (close  end  burner)  are 
expected  to  provide  data  for  comparison.  Except  for  Test  T-15,  the  other 
small  motor  tests  should  have  chamber  stay  times  in  excess  v/f  those 
required  to  achieve  particle  ignition  and  combustion. 

The  grain  design  selected  for  use  in  the  development  motor  t_sts  is  briefly 
described  in  Paragraph  5,3.  Calculations  of  the  heat  transfer  coefficient 
foi  the  Arcocel  191F  propellant,  using  the  advanced  boundary  layer  theory, 
are  given  in  Paragraph  2. 5. a.  The  results  are  generally  quite  encouraging 
in  that  the  maximum  convection  coefficients  are  well  above  those  predicted 
by  the  simpler  techniques.  Similar  computations  for  the  other  propellant 
formulations  will  be  performed  for  comparison  purposes. 
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2.5  (C)  HEAT  TRANSFER 

The  major  portion  of  the  analytical  studies  effort  during  the  reporting 
period  has  been  devoted  to  the  analysis  of  the  heat  transfer  data  from 
Motor  Tests  T-1  through  T-7.  The  detailed  design  and  instrumentation  of 
the  nozzles  may  be  found  In  Paragraphs  5.2  and  4.3,  respectively,  of 
Reference  1.  The  subjects  of  convection,  radiation,  conduction/ablation, 
and  deposition  are  discussed  separately.  The  thermocouple  measurements 
and  calculated  nozzle  temperatures  are  given  in  Paragraph  3.  These  results 
are  briefly  discussed  In  Paragraph  e(3).  It  should  be  kept  In  mind  that 
these  studies  have  two  objectives:  (1)  to  extend  the  limited  thermocouple 
data  to  a  complete  characterization  of  the  nozzle  thermal  history  in  sup¬ 
port  of  the  study  of  corrosion  mechanisms,  and  (2)  to  provide  a  test  of  the 
analytical  techniques  used  to  predict  the  basic  radiation  and  convection 
heat  transfer  capacities  of  beryllium  propellants. 

a.  (C)  Convection 

The  theoretical  prediction  of  the  rocket  nozzle  convective  heat  transfer 
coefficient  can  be  undertaken  at  several  levels  of  sophistication.  The 
simpler  techniques  are  typically  derived  from  boundary  layer  theory  by 
invoking  a  variety  of  relatively  powerful  assumptions.  Often,  as  these 
techniques  are  adopted  in  practice,  the  assumptions  are  forgotten.  Then, 
when  nozzles  hardware  thermal  design  is  predicated  on  criteria  which  under¬ 
estimate  the  heat  transfer,  the  corrosion  resistance  and  structural  capacity 
of  the  nozzle  materials  can  be  badly  misjudged.  Therefore,  it  is  regarded 
as  a  fundamental  requirement  in  this  program  that  the  heat  transfer  charac¬ 
teristics  of  beryllium  propellants  be  examined  as  closely  as  possible. 

Three  techniques  are  being  studied  to  assess  their  abilities  to  predict  the 
convective  heat  transfer  data  derived  from  the  small  motor  tests.  Unfor¬ 
tunately,  the  comparisons  of  theory  with  experimental  results  are  dependent 
upon  the  techniques  used  to  extend  the  thermocouple  measurements  to  the 
flame  side  convective  coefficients.  The  greatest  error  is  thought  to  be 
introduced  by  using  the  throat  deposit  history  derived  from  the  ballistic 
data  and  by  using  unconfirmed  oxide  thermal  property  data. 

The  simplified  Bartz  equation  (Equation  35,  Reference  1)  was  not  correlated 
with  high  energy  propellant  test  data  and  should  not  be  used.  The  primary 
objection  to  its  use  derives  from  the  ctiaracterization  of  the  exhaust 
specific  heat.  A  significant  portion  of  the  chamber  enthalpy  (potential 
energy)  does  not  appear  as  simple  thermal  energy  (temperature).  As  flame 
temperatures  increase,  a  greater  fraction  of  the  propellant  energy  is  con¬ 
sumed  "chemically"  in  dissociation,  chemical  reorganization,  and  vaporiza¬ 
tion.  The  use  of  frozen  specific  heats  neglects  this  energy.  The  use  of 
the  thermochemlcal  equilibrium  specific  heat  in  the  combustion  chamber 
represents  a  significant  improvement.  However,  this  value  does  not 
represent  the  specific  energy  of  the  propellant  exhaust  in  the  nozzle 
boundary  layer.  This  is  because  the  fraction  of  the  energy  which  is 
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chemically  stored  varies  with  the  static  pressure  and  boundary  layer  tem¬ 
peratures.  This  can  be  seen  by  noting  the  changes  in  slope,  with  pressure, 
of  the  enthalpy-temperature  curves,  such  as  are  shown  in  Figure  2  of 
Reference  1.  Consequently,  boundary  layer  average  specific  heats,  cal¬ 
culated  as  a  function  of  static  pressure  (Equation  36,  Reference  1),  should 
be  employed  with  the  Bartz  equation.  Because  of  the  requirement  to  per¬ 
form  the  additional  thermochemical  calculations,  some  of  the  simplicity  of 
the  original  technique  is  lost. 

The  second  analytical  technique  of  interest  is  the  JPL  boundary  layer  com¬ 
puter  program.  Reference  5.  This  program  is  based  on  a  nLimber  of  perfect 
gas  and  shear  laws  which  are  of  questionable  validity.  Nevertheless,  it 
is  convenient  to  use  and  the  simplified  Bartz  equation  was  derived  from 
the  same  theory. 

The  third  analytical  technique  is  an  adaptation  of  the  JPL  theory.  During 
the  present  and  preceding  contracts,  the  perfect  gas  and  shear  law  assump¬ 
tions  have  been  replaced  or  revised.  The  one  dimensional  flow  requirement 
can  also  be  eliminated  at  the  user's  option.  Wall  blowing,  surface  reac¬ 
tions,  and  surface  roughness  effects  can  also  be  a;counted  for. 

The  first  comparison  of  these  techniques  has  been  made  during  the  reporting 
period.  The  results  are  shown  in  Figure  6.  The  lower  curve  is  the  perfect 
gas  prediction  obtained  by  using  the  original  JPl  program.  The  upper  curve 
represents  the  real  gas  prediction  for  the  Arcocel  191F  propellant.  This 
calculation  was  not  extended  beyond  the  throat  aiid  assumes  ore  dimensional 
flow.  Because  of  the  deposit  problem  and  the  time  averaging  used  in  the 
motor  test  data  reduction,  this  preliminary  calculation  also  neglects 
blowing  and  ablation  products  film  effects. 

The  experimental  data  points  Indicated  in  Figure  6  were  obtained  from 
Paragraph  2.5.e.  Both  the  191F  and  its  aluminum  analog,  Arcocel  389,  are 
represented.  Only  m^nor  variations  in  the  real  gas  heat  transfer  predic¬ 
tion  are  anticipated  these  two  propellants.  Except  for  the  two  throat 
gas  side  data  points,  the  experimentally  derived  points  represent  the 
effective  heat  transfer  coefficients  to  the  graphite  surface.  That  is,  the 
oxide  deposits  which  persist  over  most  of  the  firing  period  effectively 
reduce  the  heat  transfer  (consequently,  the  convective  coefficient)  at  the 
graphite  surface.  Lacking  the  deposit  thickness  over  the  contour,  the  gas 
side  convective  coefficients  cannot  be  deduced,  They  must,  however,  be 
significantly  higher  than  the  data  points  themselves. 

Three  factors  should  be  considered  in  comparing  the  gas  side  coefficients 
at  the  throat  with  the  real  gas  theory.  First,  the  exact  axial  location 
of  the  throat  thermocouples,  relative  to  the  location  of  the  maximum  heat 
transfer  coefficient,  is  not  known.  In  real  gas,  two  dimensional  flow, 
the  peak  heat  transfer  coefficient  occurs  upstream  of  the  throat,  possibly 
by  as  much  as  a  quarter  of  an  inch.  The  thermocouples  were  approximately 


0 


CONFIDENTIAL 


FIGURE  6.  COIPAFI^ON  BETWEEN  ANALYTICAL  AND  MEASURED  HEAT  TRANSFER 
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centered  on  the  pyrolytic  graphite  washers  of  0,30  inch  thickness.  Even  with 
the  lov  C-direction  thermal  conductivi.;y ,  some  axial  heat  flux  averaging 
must  occur.  Consequently,  it  is  impossible  to  measure  the  peak  heat 
transfer  coefficient. 

The  second  problem  stems  from  the  data  reduction  technique  itself.  An 
average  chamber  pressure  is  used  in  the  iteration  technique  which  eventually 
matches  the  total  heat  absorption  and  back  wall  temperature  measurements. 

A  wide  variety  of  second  order  effects  are  ne-'essarily  introduced  and  their 
importance  should  be  related  to  the  character  of  the  pressure  excursion 
during  the  test,  Thus,  the  gas  side  coefficient  from  Test  T-7  may  be  a 
better  value  than  that  from  T-1,  while  neither  point  is  necessarily  close 
to  the  actual  maximum  value.  It  should  also  be  noted  that  the  corrosion 
occurred  in  both  tests,  tending  to  lower  the  total  heat  transfer  to  th.‘ 
washer,  and  that  the  average  pressures  were  not  equal  to  800  psia. 

As  discussed  in  Paragraph  2.3,  there  was  a  significant  variation  in  the 
C-star  values  obtained  in  Tests  T-1  and  T-/.  There  appears  to  be  real 
possibility  that  the  191F  propellant  exhaust  has  not  achieved  a  thermo¬ 
chemical  equilibrium  composition.  If  this  could  be  established,  it  would 
follow  that  the  predicted  heat  transfer  coefficients  for  the  191F  propellant 
should  be  lowered  while  those  for  the  389  propellant  would  not  change 
significantly.  As  noted  in  Paragraph  2.3,  this  situation  apparently  does 
not  apply  tj  Test  T-3  (Arcocel  319BRF).  The  next  step,  then,  will  be  to 
calculate  the  predicted  convective  coefficients  for  Test  T-3  and  compare  the 
results  with  the  measurements.  The  evaluation  of  the  theoretical  predic¬ 
tion  techniques  will  continue  through  the  remainder  of  the  program, 

b,  (C''  Radiation 

The  determination  of  the  radiation  boundary  condition  in  a  metalized  solid 
propellant  motor  reauires  the  specification  of  the  energy  emitted  by  the 
combustion  products  and  the  emissivity  of  the  gas  side  surfaces.  As 
reported  in  Reference  1,  the  determination  of  the  radiant  energy  emitted 
by  the  combustion  products  requires  knowledge  of  the  scattering  and  absorp¬ 
tion  coefficients  of  the  particle  cloud.  However,  these  coefficients  are 
extremely  dependent  on  particle  size  and  tempeiacure.  Therefore,  they  must 
be  determined  at  temperature  levels  and  for  particle  size  distributions 
which  are  nearly  identical  to  the  specific  rocket  motor  in  question.  At 
the  present  time,  che  scattering  and  absorption  coefficients  for  beryllium 
particle  clouds  are  not  available.  This  imposes  a  critical  limitation  on 
the  prediction  of  radiative  heat  transfer.  In  addition  to  the  specifica¬ 
tion  of  particle  cloud  scattering  and  absorption  coefficients,  the  wall 
reflectivity  is  required  to  determine  the  portion  of  particle  cloud  radiation 
that  is  absorbed  by  the  exposed  hardware  surfaces.  For  the  motors  studied 
in  this  program,  the  time  and  position  dependency  of  the  BeO  or  AI2O3  wall 
deposit  complicates  the  estimation  of  wall  emissivity. 
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with  the  objective  of  minimizing  the  influence  of  the  above  limitations 
in  predicting  radiative  heat  transfer,  a  portion  of  the  thermal  analysis 
effort  has  been  concentrated  on  particle  cloud  radiation  In  the  rocket 
orators  of  this  program.  It  has  ueen  found  front  this  work  that: 

(1)  The  radiative  boundary  condition  is  neglible 
compared  with  the  convective  in  the  nozzle  entrance 
(area  ratio  less  than  7)  ,  throat,  and  e::lt  seC" 
tlons  of  the  rocket  motor  (regardlees  of  th-'. 
existence  of  a  deposition  coating), 

(2)  The  particle  cloud  emissivity  for  beryllium 
propellants  in  the  aft  closure  region  ^area 
ratio  greater  than  30)  is  nearly  equal  to  the 
reported  maximum  particle  cloud  emissivity  of 
aluminum  propellants. 

(3)  The  gaa  side  surface  emisaitity  in  the  aft 
closure  region  may  be  assumed  to  be  equal  Co 
that  of  the  condensed  oxide  for  the  entire 
firing. 

fhe  first  two  observations  were  obtained  from  particle  cloud  radiation 
measure^nents  in  a  beryllium  motor  firing.  The  third  vas  based  upon  the 
deposition  :^odel  of  Paragraph  2.5.d.  A  discussion  cf  the  above  is 
presented  below. 

(1)  (U)  Beryllia  and  Alumina  Particle  Cloud  Radiation 

For  beryllia  or  alumina  particle  clouds,  the  reflectivities  of  the 
individual  oxide  particles  are  such  that  the  radiant  energy  emitted  by 
the  particles  and  the  gas  side  nozzle  surfaces  will  experience  a  high 
level  of  scattering.  The  amount  of  scattering  in  t.ie  particle  cloud 
will  determine,  in  part,  the  emission  characteristics  of  the  cloud. 

For  example,  the  total  particle  cloud  emissivity  for  particle  diameters 
greater  than  the  wavelength  of  light  being  examined  is  given  by  the 
following  expression  (Re*^  vence  6): 


(1) 
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where: 

i*"  is  the  absorption  coefficient  of  the  partible  cloud 
V  Si 

S  is  the  scattering  coefficient  representing  the  energy  scattered  by 
a  control  volume  in  a  specified  direction 

i**’is  the  scattering  coefficient  representing  the  energy  scattered  in 
the  path  length  5 

i  is  the  mean  path  length 

From  the  above  expression  it  can  be  seen  that  the  maximum  particle  cloud 
emissivity  (e  )  is  given  by  the  following  equation  when  the  mean  path 
length  is  very  large: 

JllrLilfL 

For  alumina  particle  clouds  typical  of  aluminized  propellant  motors,  the 
maximum  cloud  emlssivlty  is  between  0.25  and  0.4  and  occurs  at  approxi¬ 
mately  a  pressure  of  500  psia  and  a  path  length  of  one  foot  (see 
References  6,  7,  and  8. 

To  facilitate  the  comparison  of  beryllia  cloud  radiation  with  that  of 
alumina,  a  radiometer  was  inserted  in  the  aft  closure  of  a  beryllium 
propellant  rocket  motor  (test  T-3).  With  the  radiometer  in  the  chosen 
position,  the  chamber  pressure  and  path  length  should  insure  the  measure¬ 
ment  of  the  maximum  particle  cloud  emlssivity.  A  discussion  of  the 
apparatus  employed  in  the  cloud  emlssivity  measurement  is  presented  in 
Section  4. 3. a.  To  obtain  the  particle  cloud  hemispherical  emissivity 
from  the  radiometer  configuration  used  in  test  T-3,  the  follow!:  :  analysis 
was  employed. 

Total  hemisphei ical  emissivity  is  defined  as: 


E 


where: 


= c/cj 


E  =  emissive  power 
i  =  Intensity 
=  solid  angle 

The  emissive  power  of  the  particle  cloud  is  obtained  from  the  temperature 
response  of  the  radiometer  using  the  following  equation: 
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where: 


C  =  specific  heat  of  the  radiometer's  calorimeter 
m  =  chermal  mass  of  the  calorimeter 
dT/dt  =  rate  of  temperature  rise  of  the  calorimeter 
r  =  reflectivity  of  the  calorimeter  surface 

A  =  the  surface  area  of  the  calorimeter  which  receives  radiation 

From  Reference  6,  the  black  body  emissive  power  of  the  portion  of  the 
cloud  that  is  seen  by  the  calorimeter  is. 


where; 

4 

=  the  normal,  black  body  intensity 


the  half  angle  of  the  opening 

The  normal  black  body  intensity  is  given  in  Reference  6  as 


where: 


C 


1 


C 


2 


0. 18892  X  10 


8 

/a  //a 


25896 yU 


From  the  above,  the  hemispherical  emissivity  of  the  cloud  reduces  to: 


where  the  appropriate  units  are; 
C,  Btu/lb°F 
m,  Ibm 
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dT/dt,  °F/8ec 
A,  square  Inches 
T,  °R 

The  constants  of  the  radiometer  and  propellant  used  in  test  T-3  were 
C  =0.06  Btu/lbop 

m  =  1.49  X  10’^  Ibm 

A  =  0.00353  In,^ 

r  rKj  0.2 
sin^.^  0.8 
T  =  634C°R 

From  Figure  105  of  Paragraph  4. 3. a,  the  temperature  response  of  the 
calorimeter  was  400°F/sec.  Therefore,  from  Equation  2  the  hemispherical 
emissivity  of  the  particle  cloud  is  approximately  0.28. 

The  measured  hemispherical  emissivity  of  the  beryllium  propellant  combus¬ 
tion  products,  representing  a  maximum  value,  agrees  with  the  reporct^d 
maximum  alumina  cloud  emissivity  of  References  7  and  8  (0.25  to  0.4).  It 
is  suggested  that  for  propellants  similar  to  those  employed  in  this 
contract  the  values  0.28  and  0.30  be  used  as  the  maximuir.  hemispherical 
particle  cloud  emissivities  for  beryllium  and  aluminum  propellants, 
respectively.  For  engineering  estimates,  the  maximum  emissivity  may  be 
applied  at  locations  in  the  rocxet^motor  where  the  product  of  static 
pressure  and  mean  path  length  (Pxi)  is  greater  than  500  psia-ft.  At 
locations  in  the  motor  where  the  pressure-path  length  product  is  less  than 
500  psia’ft,  Equation  1  should  be  employed.  However,  to  use  Equation  1 
for  aluminum  and  beryllium  propellants,  the  absorption  coefficient  '  ) 

and  the  path  length  scattering  coefficient  (  )  must  be  determined. 

Reference  7  presents  the  required  coefficients  for  alumina  particle  clouds. 
However,  the  appropriate  beryllia  coefficients  have  not  as  yet  been  found 
in  the  literature. 
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(2)  (U)  Gas  Side  Surface  Reflectivity  or  Emissivity 

The  presence  of  an  oxide  deposit  on  the  gas  side  surface  of  a  rocket  motor 
will  alter  both  the  wall  emissivity  and  the  wall  temperature  to  be  used 
in  evaluating  the  radiation  boundary  condition.  That  is,  the  emissivity 
of  condensed  BeO  or  AI2O3  is  considerably  lower  than  that  of  the  gas  side 
surface  materials  (cw  0.2  compared  tC'^0.8).  This  causes  a  significant 
reduction  in  the  amount  of  incident  radiation  that  is  absorbed  by  the 
wall.  Also,  the  presence  of  a  BeO  or  AI2O3  deposit  provides  a  thermally 
insulative  coating  between  the  heat  sink  surface  and  the  combustion 
products;  this  causes  a  reduction  in  radiative  heat  flux  b”  raising  the 
gas  side  surface  temperature. 

In  order  to  obviate  the  need  for  specification  of  the  deposit  thickness 
history  for  the  aft  closure  insulation  surface,  the  measured  effective 
heat  transfer  coefficients  in  the  nozzle  entrance  section  can  be  extrapo¬ 
lated  to  the  aft  closure  region  (see  Paragraph  2.5).  In  this  extrapolation, 
it  is  necessary  to  assume  that  the  radiative  component  of  the  effective 
heat  transfer  coefficient  is  constant  in  the  area  ratio  range  of  12  to 
infinity  and  the  convective  component  is  dependent  only  on  area  ratio. 

This  implies  that:  (1)  the  cloud  emissivity  is  independent  of  location 
in  this  region,  and  (2)  the  deposit  thickness  and  surface  coverage  is 
independent  of  location  in  this  region.  The  second  assumption  is  a 
practical  requirement  since  the  time  dependent  deposit  thickness  is  ex¬ 
tremely  difficult,  if  not  impossible,  to  determine  in  the  aft  closure  and 
entrance  section.  The  validity  of  assuming  that  deposit  coverage  is  in¬ 
dependent  of  location  in  this  region  is  derived  from  the  deposition  model 
described  in  Paragraph  2.5d.  However,  the  assumption  of  invariant  aft 
closure  deposit  thickness  is  questionable  for  dissimilar  gas  side  materials. 
When  oxide  deposits  are  present  on  the  aft  closure  and  nozzle  entrance 
surfaces,  it  is  suggested  that  an  emissivity  value  of  0.2  be  used. 

(3)  (C)  Radiation  Boundary  Condition  for  Tests  T-1  through  T-7 

The  determination  of  the  radiation  boundary  condition  at  nozzle  locations 
where  the  product  P  x  I  is  less  than  approximately  500  psia-ft  is  limited 
by  the  lack  of  absorption  and  scattering  coefficient  data  for  beryllia 
particle  clouds.  For  the  rocket  motors  studied  in  this  program,  the  region 
at  which  P  x  ^  is  equal  to  500  psia-ft  is  at  an  upstream  area  ratio  of 
approximately  30.  The  fraction  of  the  total  heat  flux  due  to  radiation 
decreases  at  nozzle  locations  downstream  of  this  point.  The  nozzle  loca¬ 
tion  at  which  the  radiation  boundary  condition  may  be  neglected  can  be  ob¬ 
tained  by  comparing  the  predicted  radiative  and  convective  heat  transfer 
coefficients.  Also,  the  effect  of  deposition  on  the  entrance  section 
total  heat  flux  can  be  determined  by  comparing  the  measured  effective  heat 
transfer  coefficient  (defined  in  Paragraph  2.5.c)  with  the  predicted  radia¬ 
tive  and  convective  heat  transfer  coefficient.  From  Paragraph  2.5. c  the 
measured  effective  heat  transfer  coefficients,  for  firing  T-1  at  an 


-31- 


CONFIDENTIAL 


CONFIDENTIAL 


entrance  area  ratio  of  12.4  and  8.0,  are  0.00037  and  0,00064  Btu/in.  sec 
°F,  respectively.  From  References  9  and  10,  the  radiation  heat  transfer 
coefficient  may  be  approximated  by  the  following  expression: 


where 


local  static  temperature 

local  gas  side  surface  temperature 

particle  cloud  emissivity 


gas  side  surface  emissivity 


To  evaluate  the  radiation  boundary  condition,  the  parameters  presented 
in  Table  I  were  employed  in  Equation  3. 

The  comparison  between  predicted  radiative  and  convective  heat  transfer 
coefficients  are  presented  in  Table  II.  Also  presented  in  Table  II  is 
the  approximate  area  of  the  deposit  versus  time  curve  and  mean  deposit 
thickness  as  obtained  from  the  measured  effective  heat  transfer  coeffi¬ 
cient  . 
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TABLE  I.  PARAMETERS  USED  TO  EVALUATE 


THE 

RADIATION 

HEAT  TRANSFER 

COEFFICIENT  OF  FIRING  T-1 

Entrance 

Area  Ratio 

Parameter 

12.4 

8.1 

Remarks 

"g 

6770°R 

6770°R 

Theoretical  combustion  temperature. 

soooor 

5200“R 

Approximated  mean  surface  temperature 
for  total  firing  time. 

0.2 

0.13 

BeO  cloud  emissivity  assuming  depend¬ 
ence  of  BeO  absorption  and  scattering 
coefficients  on  area  ratio  is  iden¬ 
tical  to  AI2O3  (see  Reference  11  for 
variation  of  AI2O3  cloud  emissivity 
with  area  ratio). 

0.2 

0.2 

Surface  'emissivity  with  deposition. 

0.8 

0.8 

Surface  emissivity  without  deposition. 

TABLE  II.  COMPARISON  OF  RADIATIVE  AND 
CONVECTIVE  HEAT  TRANSFER  COEFnCIENTS  FOR  FIRING  T-1 


Entrance  Area  Ratio 


Parameter 

12.4 

8.6 

Remarks 

Predicted  Radiative  Heat  Transfer 
Coefficient  (Btu/in.2  sec  OF)  -  hr 

0.00031 

O.OC052 

0.00024 

0.00036 

With  Deposit 

Without  Deposit 

Predicted  Gas  Side  Convective 

Heat  Transfer  Coefficient  -  h^. 

0.000525 

0.00072 

Perfect  Gas 
(Paragraph  2.5a) 

0.00095 

0.0013 

Real  Gas 
(Paragraph  2.5a) 

Measured  Effective 

0.00037 

0.00064 

Heat  Transfer  Coefficient 
(Btu/in.2  sec  °F)  -  hgff 


h  /(h  +  h  )  (real  gas  h  ) 

r  r  c '  c 

0.24 

0.15 

With  Deposit 

0.35 

0.22 

Without  Deposit 

hr/ (hr  +  h^) (perfect  gas  h^) 

0.37 

0.25 

With  Deposit 

0.49 

0.33 

Without  Deposit 

Area  Under  Deposit  Versus 

Time  Curve  (in. -sec) 

5.95 

2.85 

Real  Gas  h^ 

4.7 

1.62 

Perfect  Gas  hj. 

Mean  Deposit  Thickness  for 

Firing  (inches) 

0.34 

0.16 

Real  Gas  h^. 

0.27 

0.093 

Perfect  Gas  hj. 
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From  Table  II  it  can  be  postulated  that  the  radiation  boundary  condition 
must  be  included  in  the  thermal  analysis  at  locations  where  the  entrance 
area  ratio  is  greater  than  8.6.  However,  in  the  construction  of  Table  II 
it  was  assumed  that  the  dependence  of  the  scattering  and  absorption  coef¬ 
ficients  on  area  ratio  is  identical  for  BeO  and  AI2O3.  Therefore,  radia¬ 
tion  fractions  shown  in  Table  II  must  be  considered  as  approximate  and 
preliminary.  In  the  thermal  analyses  of  the  rocket  motors  studied  in 
this  program,  the  radiative  boundary  condition  will  be  neglected  at  noz¬ 
zle  locations  downstream  of  an  entrance  area  ratio  of  about  7.  Determina¬ 
tion  of  the  radiation  boundary  condition,  between  entrance  area  ratios  of 
approximately  30  and  7  for  beryllium  motors,  is  limited  by  the  unavaila¬ 
bility  of  beryllia  absorption  and  scattering  coefficients.  At  entrance 
area  ratios  greater  than  30,  a  constant  beryllia  cloud  emissivity  of 
0.28  may  be  employed. 

c,  (C)  Conduction/Ablation 

The  determination  of  the  thermal  behavior  and  corrosion-erosion  charac¬ 
teristics  of  the  rocket  motor  and  propellant  combinations  of  Motor  Tests  T-1 
through  T-7  have  been  accomplished  by  employing  the  thermal  analyses  and 
techniques  reported  in  Reference  1.  However,  the  capacity  of  the  thermal 
analyses  to  accurately  predict  the  nozzle  temperature  response  is  somewhat 
limited  by  the  inability  of  the  analyses  to  predict  the  extent  of  deposi¬ 
tion.  From  post-test  observation  of  the  aft  closure,  entrance,  and  throat 
sections  of  rocket  motors  T-1  through  T-7,  together  with  an  analysis  of 
the  corresponding  pressure  traces,  it  is  found  that  an  alumina  or  beryllia 
deposit  was  present  cn  the  gas  side  surfaces  of  these  motor  sections 
during  the  major  portion  of  the  firing  period.  Since  the  oxide  deposit 
acts  as  both  a  thermal  and  a  chemical  insulator,  the  deposit  must  be 
characterized  in  the  analysis  if  the  true  convective  heat  transfer  and 
corrosion  mechanics  are  to  be  understood.  At  the  present  time,  the 
deposit  history  can  be  most  accurately  determined  at  the  throat  location. 
Therefore,  during  this  reporting  period,  efforts  have  been  concentrated 
on  the  thermal  analysis  of  the  pyrolytic  graphite  throat  washer.  In  the 
entrance,  throat,  and  exit  sections,  the  semiempirical  techniques  devel¬ 
oped  in  the  first  quarter  were  applied  to  characterize  the  gas  side  bound¬ 
ary  condition  in  these  sections.  The  characterization  of  the  gas  side 
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boundary  condition  Includes  the  combined  effects  of  radiation,  convection, 
and  deposition.  Thus,  it  is  possible  to  obtain  an  indication  of  gas  side 
heat  transfer  variation  with  nozzle  location.  The  procedures  employed  in 
obtaining  the  predicted  nozzle  heat  transfer  are  discussed  below. 

(1)  (U)  Chamber  -  Aft  Closure  Section 

From  post-test  analysis  of  motors  T-1  through  T-7,  the  chamber  and  aft 
closure  sections  were  found  to  be  covered  with  an  oxide  deposit  (alumina 
or  beryllia)  approximately  0.05  to  0.10  inch  thick.  From  the  deposition 
physical  model  presented  in  Paragraph  2.5d,  it  can  be  assumed  that  a 
deposit,  the  thickness  of  which  is  dependent  on  time  and  position,  was 
present  in  this  region  for  most  of  the  firing  period.  The  analysis  of  the 
thermal  response  of  the  gas  side  surface  material  ia  this  region  requires 
determination  of  the  convective,  radiative,  and  transient  deposit  thickness 
boundary  conditions.  From  Paragraphs  2. 5. a  and  2.5.b,  the  convective  and 
radiative  boundary  conditions  can  be  determined  with  reasonable  accuracy. 
However,  with  reference  to  Paragraph  2.5.d,  specification  of  the  transient 
deposit  thickness  in  the  chamber  and  aft  closure  region  is,  at  the  present 
time,  impossible.  Therefore,  determination  of  the  chamber  and  aft  closure 
gas  side  material  thermal  response  was  not  attempted  in  this  quarter.  An 
alternate  approach  in  specifying  the  chamber-aft  closure  transient  de¬ 
posit  thickness  is  presented  in  Paragraph  2.5.b-2;  however,  the  resulting 
thermal  predictions  would  be  very  approximate. 

(2)  (C)  Entrance  Section 


That  portion  of  the  rocket  motor  entrance  section  consisting  of  a  poly¬ 
crystalline  graphite  material  was  analyzed  using  the  semiempirical  tech¬ 
nique  developed  in  the  first  quarter.  This  technique  provides  a  charac¬ 
terization  of  the  gas  side  boundary  condition  so  that  the  net  effect 
of  radiation,  convection,  and  deposition  on  surface  heating  is  determined. 
A  discussion  of  the  technique  employed  in  the  determination  of  the  entrance 
section  gas  side  boundary  condition  for  rocket  motors  T-1  through  T-7  is 
presented  below. 


In  motors  T-1  through  T-7,  the  back  side  of  the  polycrystalline  entrance 
section  was  instrumented  with  three  thermocouples,  placed  at  three  different 
axial  positions.  The  entrance  section  is  divided  into  three  axial  nodes, 
the  centers  of  which  correspond  to  the  thermocouple  locations.  By  applying 
an  energy  balance  and  conduction  analysis  to  each,  the  total  heat  absorbed 
by  the  nodes  during  firing  can  be  determined  from  the  thermocouple  response. 
That  is. 


p  C  V  T^  + 


-  Tg) 


(4) 
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whijra: 


P  =  node  density 

C  =  node  specific  heat 

V  =  node  volume 

Tg  =  node  temperature  at  time  of  equilibration 

=  heat  dissipated  from  the  node  by  backup  material  ablation 

tg  =  time  of  equilibration  (time  at  which  a  radial  isothermal 
condition  is  approached  in  the  heat  sink  material) 

The  last  term  represents  the  axial  conduction  interchange  between  adjacent 
nodes  and  is  determined  by  applying  a  conduction  analysis  to  the  entrance 
section.  The  temperature  at  equilibration  is  obtained  from  the  thermocouple 
response  using  the  equilibration  time  specified  by  the  conduction  analysis 
(approximately  30  seconds  after  shut  down).  The  heat  lost  from  the  nodes 
during  the  firing  and  equilibration  periods  is  approximated  by  assuming 
that,  during  firing,  the  heat  loss  is  due  solely  to  ablation  of  the  backup 
insulator.  As  shown  in  Reference  11,  the  heat  dissipated  by  ablation  is 
negligible  during  firing.  Therefore,  the  third  term  in  Equation  (4)  becomes: 

t^ 

/ 

where: 

tg  =  the  end  of  the  thermal  action  time. 

For  times  exceeding  the  equilibration  time,  a  plot  of  qj  versus  time  is 
obtained  from  the  thermocouple  trace  using  tha  equation  below. 

Oj  =  p  C  V  dT/dt 

Here,  dT/dt  is  the  temperature-time  slope  of  the  thermocouple  response  at 
t  and  q>j<  is  defined  as: 

’  qi  ±  r  ■  Tb> 
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From  the  conduction  analysis  that  is  applied  to  the  entrance  section,  the 
axial  conduction  term  is  determined  and,  therefore,  at  times  after 
equilibration  can  be  calculated.  To  find  qj^  during  the  equilibration 
period,  extrapolation  of  the  qj^  for  times  greater  than  tg  is  employed 
using  the  heat  dissipated  by  ablation  versus  time  profiles  of  Reference  11. 
The  error  introduced  in  Qj  of  Equation  (4)  by  evaluating  qj  in  the  above 
manner  is  small  because  in  motors  T-1  through  T-7,  the  first  term  C?V  Tg  is 
between  260  and  380  Btu  and  the  second  term  is  between  15  and  50  Btu. 


To  characterize  the  gas  side  boundary  condition  at  the  entrance  thermo¬ 
couple  locations,  an  effective  heat  transfer  coefficient  is  defined  to 
include  the  radiation,  convection,  and  deposition  modes  of  heat  transfer. 
The  effective  heat  transfer  coefficient  is  defined  as 


h 


eff 


Q 


T 


(T  -  T  )dt 
r  w 


(5) 


where 


=  total  local  heat  absorbed,  found  from  Equation  (4) 
A  =  entrance  section  node  surface  area 


T^  =  local  free  stream  recovery  temperature 
T  =  g  s  side  surface  temperature 


t  =  thermal  action  time 
a 


As  can  be  seen  from  Equation  (5),  the  effective  heat  transfer  coefficient 
represents  the  constant  heat  transfer  coefficient  (independent  of  time  and 
pressure)  that,  when  applied  as  a  boundary  condition  to  a  conduction  analy¬ 
sis,  will  predict  the  total  heat  actually  absorbed  (Qj) .  To  determine  hgf£, 
it  is  necessary  to  determine  a  locus  of  Qj/A  versus  hgff  values  by  repeated 
runs  of  a  conduction  program,  using  proper  solid  material  thermal  properties 
and  free  stream  recovery  temperatures.  A  sample  of  the  Qx/A  versus  hgff 
curves  is  presented  in  Figure  7  for  the  throat  location  of  motors  T-1 
through  T-7. 

The  above  analysis  and  techniques  were  applied  to  rocket  motors  T-1  through 
T-7,  with  the  results  presented  in  Paragraph  2,5.e.  The  thermal  response 
of  the  entrance  sections  for  these  motors  was  not  determined  due  to  the 
large  amount  of  deposition  that  was  experienced  during  firing. 
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EFFECTIVE  HEAT  TRANSFER  COEFFICIENT  (BTU/IN.  SEC  F)  -  h 


FIGURE  7 


eff 
F04022C 

TOTAL  HEAT  ABSORBED  BY  THROAT  HEAT  SINK 
VERSUS  EFFECTIVE  HEAT  TRANSFER  COEFFICIENT 
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(3)  (U)  Throat  Insert  and  Exit  Cone 


The  throat  insert  and  exit  sections  of  rocket  motors  T-1  through  T-7  v;ere 
extensively  instrumented  with  thermocouples  (see  Paragraph  2.5,e),  The 
resulting  thermocouple  data  were  employed  in  a  semiempirical  thermal 
analysis  to  characterize  the  gas  side  boundary  conditions  in  much  the  same 
manner  as  was  done  in  the  entrance  section.  That  is,  an  energy  balance 
was  applied  to  the  heat  sink  material  at  each  axial  thermocouple  location 
to  determine  the  total  heat  absorbed  during  firing.  The  energy  balance  at 
the  throat  insert  thermocouple  locations  may  be  written  as: 


=  rpcVT  +  pCVT 

L  ^JpG  L 


ATJ 


Where  the  first  and  second  terms  on  the  right  represent  the  total  heat 
stored  in  the  pyrolytic  graphite  and  polycrystalline  graphite  heat  sink, 
respectively,  at  the  equilibration  time.  The  third  term  represents  the 
total  heat  lost  bv  the  heat  sink  materials  during  the  firing  and  equili¬ 
bration  periods.  The  above  energy  balance  does  not  include  the  axial 
conduction  term  of  Equation  4  since  the  thermal  conductivity  of  pyrolytic 
graphite  in  the  "C"  direction  is  low.  The  effective  heat  transfer  coef¬ 
ficient  is  determined  using  Equation  5.  The  total  heat  absorbed  by  the 
throat  insert  and  the  corresponding  effective  heat  transfer  coefficients 
are  presented  in  Paragraph  2.5.e  for  Motor  Tests  T-1  through  T-7, 


The  determination  of  the  thermal  response  and  corrosion  characteristics 
of  the  heat  sink  and  insulative  components  of  a  rocket  motor  requires  the 
inclusion  of  condensed  wall  deposits  in  the  thermal  analysis.  At  the 
present  time,  the  thermal  analysis  is  limited  by  the  lack  of  an  analytical 
deposition  model  with  which  to  determine  the  local  deposit  behavior. 
However,  a  semiempirical  technique  can  be  used  to  predict  the  transient 
deposit  thickness  at  the  throat  location  (Paragraph  5.2.b).  Therefore, 
to  define  and  correlate  the  thermal  response  and  corrosion  characteristics 
of  the  propellant  and  rocket  motor  combinations  studied  in  this  program,  a 
semiempirical  conduction-deposition  analysis  was  developed.  This  analysis 
essentially  incorporates  the  deposit  thickness  history  given  in  Para¬ 
graph  5.2.b  and  the  measured  effective  transfer  coefficient  from 

Equation  5  in  the  conduction  analysis  of  th^  throat  heat  .sink  material. 

The  end  result  of  this  analysis  is  a  prediction  of  both  thermal  response 
and  gas  side  convective  heat  transfer  at  the  throat  location.  The  throat 
conduction-deposition  analysis  and  the  tecHniqui  involved  in  determining 
throat  thermal  response  are  presented  below. 


A  transient  one-dimensional  conduction  program  is  applied  to  the  throat 
washer  and  ATJ  backing  by  dividing  the  material  into  radial  nodei  The 
deposit  is  also  divided  into  .'.odes.  The  thermal  covduct  ivity ,  uensity, 
and  specific  heat  of  the  liquid  and  solid  phase  of  deposit  ar  assumed 
to  be  equal. 
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^1  la: 


The  contact  resistance  between  the  pyrolytic  graphite  and  ATJ  graphite 
heat  sink  is  approximated  in  the  following  manner: 


(T1-T3) 


where: 


'll  1 1 
‘■2 


1/ 


<pv) 


ATJ 


=  P.G.  backwall  temperature  (measured  with  thermocouple) 

=  ATJ  surface  temperature  at  P.G. -ATJ  interface 

=  ATJ  backwall  temperature  at  time  t  +  At  (measured  with  thermo¬ 
couple) 

=  ATJ  backwall  temperature  at  time  t  (measured) 

=  product  of  density  and  volume  of  ATJ  heat  sink 


C"  =  specific  heat  of  ATJ  at  T2" 

C'  =  specific  heat  of  ATJ  at  T^ 

The  temperature  T^  is  determined  from  a  conduction  analysis  applied  to 
the  ATJ  heat  sink,  using  the  measured  temperature  response  of  the 
P.G.  backwall  (T^)  and  a  number  of  l[  values  for  contact  resistance. 

The  free  stream  recovery  temperature  is  assumed  equal  to  the  theoretical, 
equilibrium,  chemical  recovery  temperature.  From  Paragraph  2.5.b,  the 
radiative  heat  transfer  was  found  to  be  negligible  in  the  throat  region. 
Therefore,  the  transient  gas  side  convective  heat  transfer  coefficient  (h  ) 
is  determined  using  the  measured  hg££  and  a  trial  and  error  procedure. 
Initially,  the  average  gas  side  convective  heat  transfer  coefficient  (E  ) 
is  determined  from 


h^j^^  =  value  determined  from  Equation  5 


t  =  end  of  thermal  action  time 
a 
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K  =  thermal  conductivity  of  the  wall  deposit  (ind  'pendent  of  time  and 
temperature) 

6  =  throat  deposit  thickness. 

In  Equation  7,  the  first  terra  i  .:.c  losistance  between  the  free  stream 
and  the  gas  side  surface  (depo  . '.t  surface  with  deposition,  P.G.  surface 
without  deposition);  the  secon  term  Is  the  resistance  between  the  free 
stream  and  the  P.G.  surface;  .*  third  is  the  resistance  to  heat  flow 
through  the  deposit.  To  determine  h^  from  h^  use  is  made  (for  practical 
reasons)  of  the  simplified  Bartz  equation  and  the  average  chamber  pressure 
of  the  motor  firing,  i.e. 


In  Equation  8,  P^  is  the  average  chamber  pressure  during  the  firing 
period  and  P^  is  the  chamber  pressure  at  any  time  t. 

The  time  and  pressure  dependent  h^  is  applied  as  the  gas  side  boundary 
condition  in  the  conduction  analysis  and  the  total  heat  absorbed  by  the 
heat  sink  material  (Q.^,  see  Equation  6)  is  determined  that  value  can  then 
be  compared  with  measured  Q™.  Since  h^^^  is  determined  from  a  conduction 
analyois  that  neglects  the  deposit  effect  in  the  calculation  of  T^  of 
Equation  5,  the  predicted  and  measured  Q.j,  will  not  necessarily  agree. 
Therefore,  0  of  Equation  8  is  varied  until  agreement  occurs.  The  thermal 
response  of  the  heat  sink  material  with  deposit,  together  with  the  gas 
side  convective  heat  transfer  coefficient,  is  then  determined. 

The  assumptions  required  in  the  above  analysis  are: 

(1)  Energy  transported  to  throat  by  deposit  flow 
is  negligible . 

(2)  Energy  involved  in  phase  change  of  deposit 
is  negligible. 

(3)  Radiation  is  negligible. 

(4)  Axial  conduction  is  negligible  compared  to 
radial  conduction. 

(f>)  Back  side  of  ATJ  is  perfectly  insulated. 
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(6)  Thermal  properties  of  the  solid  and  liquid  ^ 

phase  of  the  deposit  are  equal  and  independent  i 

of  temperature. 

(7)  Ablation  of  beryllla  and  alumina  is  not  i 

important .  i 

The  material  thermal  properties  employed  in  the  conduction-deposition 

analysis  of  rocket  motors  T-1  through  T-7  are  presented  in  Table  III,  | 

TABLE  III  ' 

MATERIAL  THERMAL  PROPERTIES  EMPLOYED 
IN  THROAT  CONDUCTION -DEPOSIT  ANALYSIS 

Local  Specific 

Temperature  Density  Heat  Thermal  Conductivity  , 

Material  (°F)  (lb/ in^)  (Btu/lb  ‘^F)  (Btu/in.  sec  °F)  x  10 

1,85 

0.60 

54 
40 
30 
25 
19 
16 
13 

11.4 
11.3 

13.2 
9.3 
5.9 
4. 6 
3.8 
3.2 


I 


BeO 

- 

0.C80 

0.60 

AljOj 

- 

0.133 

0.35 

Pj'rolytic 

350 

0.0792 

0.274 

Graphite 

500 

0.30 

750 

0.34 

(a-b  Direction) 

1000 

0.38 

1500 

0.44 

2000 

0.48  , 

3000 

0.52 

4000 

0,541 

5000 

0.552 

ATJ 

350 

0.0625 

same 

Graphite 

1000 

as 

(average  of 

2000 

P.G. 

3000 

with  and 
against  grain) 

4000 

5000 

d.  (U)  Deposition  Model 


From  the  motor  firing  and  laboratory  test  results  of  this  program,  together 
with  the  physical  deposition  model  of  Reference  11,  the  behavior  of  the 
alumina  or  beryllia  wall  deposit  r.  -ocket  motors  T-1  through  T-7  has  been 
defined.  The  similarities  and  uifl  '-i mjes  between  the  alumina  and  beryllia 
deposition  phenomena  are  also  isceriaintd  in  terms  of  the  effect  on  the 
nozzle  thermal  response  and  corrosioi  characteristics.  The  objectives  of 
this  paragraph  are  to  present  the  phjsical  deposition  model  for  the  pro¬ 
pellant  and  rocket  motor  combinations  studied  in  the  second  reporting 
period  and  to  discuss  the  limitations  invo)  'ed  in  the  formulation  of  an 
analytical  model  with  which  the  nozzle  t!  cmal  response  is  predicted. 

(1)  Physical  Deposition  Model 

The  physical  model  of  Reference  11  considers  that  deposition  initially 
occurs  at  specific  locations  on  the  rocket  motor  gas  side  surface  as  a 
direct  result  of  particle  impingement.  The  initial  impingement  profiles 
for  the  contours  of  rocket  motors  T-1  through  T-7  are  presented  in 
Paragraph  3.3.b  as  a  function  of  particle  size.  Of  the  total  initial 
particles  that  impinge  on  the  surface,  part  will  re-enter  the  gas  stream 
and  part  will  remain  on  the  surface.  The  quantity  that  remains  on  the 
surface  will  d^^i’end  on:  (a)  the  porosity,  surface  roughness,  temperature, 
internal  lysis  rate,  and  phase  change  of  the  surface  material 
(mechanical  atta^hmeii.) ;  (b)  the  particle  velocity,  size,  and  impingement 
angle  with  respect  co  the  surface  (momentum  effects);  and  (c)  the  type  of 
chemical  reactions  occurring  between  the  deposit  and  the  surface  material 
(chemical  attachment).  The  primary  modes  of  mechanical  attachment  con¬ 
sist  of:  (a)  the  solidification  of  liquid  alumina  or  beryllia  on  ''cold” 
surfaces,  and  (b)  the  entrainment  of  liquid  alumina  or  beryllia  in  a 
viscous  liquid.  The  latter  usually  occurs  early  in  the  firing  when  silica 
or  asbestos  phenolic  is  employed  as  the  gas  side  surface  material,  and  is 
due  to  the  phase  change  of  the  silica  or  asbestos  reinforcement  and  when 
the  oxide  deposit  surface  is  molten.  The  bond  formed  by  the  solidification 
of  the  oxide  particles  on  the  surface  is  usually  weak  and  may  be  easily 
released  by  thermal  stresses,  free  steam  gas  shear  loading  and  gas  flow, 
and/or  pressure  forces  resulting  from  subsurface  pyrolysis.  Therefore,  for 
asbestos  phenolic  gas  side  materials,  it  may  be  expected  that  deposition 
will  be  delayed  due  to  the  high  pyrolysis  mass  flow  associated  with  start¬ 
up,  However,  deposition  will  proceed  at  increased  rates  when  the  reinforce¬ 
ment  material  undergoes  a  chemical  and/or  physical  phase  change. 

Chemical  attachment  of  the  oxide  deposit  to  the  gas  side  surface  material 
will  occur  by  the  formation  of  a  metal  carbide.  That  is,  the  initial 
oxide  reactions  with  graphite  form  a  stable  interlayer  which  inhibits 
further  reactions.  However,  the  thermochemical  stability  of  the  interlayer 
is  strongly  dependent  on  temperature  and  total  pressure.  From  Reference  1, 
Be2C  becomes  unstable  with  respect  to  Be(g)  and  CO(g)  at  a  temperature 


near  4000°F  and  total  pressure  of  one  atmosphere.  At  rocket  pressures, 
the  stability  temperature  exceed  the  BeO  melting  point.  Also,  from 
Reference  11,  Al^C^  becomes  unstable  at  temperatures  of  about  3600  and 
5500  F  at  pressures  of  and  a  total  14.7  and  1000  psi,  respectively.  Con¬ 
sequently,  the  chemical  stability  of  oxide  deposits  will  vary  along  the 
norrle  contour  in  accordance  with  the  wall  temperature  and  static  pressure 
variations . 

From  the  above  it  can  be  seen  that  the  differences  between  alumina  and 
beryllia  attachment  can  be  related  to  the  differences  in  oxide  melting 
points  (3704  and  4635°F  for  AI2O3  and  BeO,  respectively)  and  decomposition 
temperature  of  the  metal  carbide.  It  should  also  be  noted  that  the  dep¬ 
osition  or  impingement  rate  will  increase  with  increasing  particle  size. 

Once  deposition  has  been  initiated,  the  deposit  will  cause  irregularities 
along  the  motor  contour.  Depending,  of  course,  on  the  magnitude  in  con¬ 
tour  irregularities,  the  particle  impingement  rate  will  increase,  pro¬ 
ducing  increased  deposition.  Since  the  free  surface  of  the  deposit  is 
convectively  and  radiantly  heated  and  conductively  cooled,  a  time  will  be 
reached  when  the  surface  of  the  deposit  will  melt.  At  this  time,  the  gas 
wall  shear  will  cause  the  liquid  ^jortion  of  the  deposit  to  flow  downstream. 
If  the  deposit  wets  the  surface  (which  occurs  when  Al^C^  or  Be2C  is  present) 
and  the  surface  material  as  not  ablating  or  pyrolyzing,  the  velocity  pro¬ 
file  in  the  liquid  will  be  nea^'ly  linear  and  the  deposit  flow  will  resemble 
Couette  flow.  However,  if  the  surface  material  undergoes  internal  pyrol¬ 
ysis,  as  does  the  chamoer  and  aft  closure  materials  of  this  program,  the 
pyrolysis  gas  will  cause  bubbling  of  the  liquid  deposit  and  the  flow  will 
be  nonuniform.  The  liquitf  oxide  velocity  profile  will,  of  course,  react 
to  variations  in  the  liquid-gas  interfacial  shear  and,  strictly  speaking, 
to  variations  lu  the  solid-liquid  interface  roughness.  Consequently,  a 
linea”  velocity  gradient  should  not  be  assumed  in  the  vicinity  of  the 
nozzle  throat. 

As  the  deposit  .'lows  downstream,  the  portion  of  the  deposit  cou.ing  in 
contact  w’th  an  exposed  portion  of  the  surface  will  generally  solidify 
(depending  upon  the  surface  temperature).  As  the  deposit  builds  up  at 
this  location,  a  thickness  is  reached  at  which  the  surface  heating  exceeds 
the  heat  conriur.ted  to  the  heat  sink  material,  so  that  surface  deposit  gas 
side  surface  melting  will  occur  and  flow  will  start  again.  For  the  rocket 
motor  configurations  studied  in  this  program,  a  surface  material  discon¬ 
tinuity  occurs  in  the  entrance  section  at  area  ratios  of  jpproximateiy  19 
and  u  (asbestos  phenolic  -  ATJ  graphit 2  and  ATJ  graphite  -  pyrolytic 
graphite,  respectively).  Since  the  change  in  material  thermal  conductiv¬ 
ities  at  these  locations  is  considerable,  it  may  be  expected  that  a  signif¬ 
icant  change  in  deposit  tt:ickness  early  in  "he  firing  will  occur.  That  is, 
as  the  deposit  flows  from  the  asbestos  phenolic  to  the  ATJ,  and  from  the 
ATJ  to  the  pyrolytic  graphite,  the  deposit  will  undergo  a  high  degree  of 
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solidification.  Since  Che  heat  conducted  from  the  deposit  to  Che  heat 
sink  material  is  initially  proportional  to  the  heat  sink  thermal  con¬ 
ductivity,  the  deposit  thickness  will  be  larger  for  the  high  conductivity 
materials.  The  change  in  deposit  thickness  at  these  locations  may  be 
sufficient  to  cause  a  significant  irregularity  in  contour  so  as  to  promote 
local  particle  impingement,  thereby  increasing  the  local  dep.i&itjon  rate. 

As  the  firing  proceeds,  the  heat  sink  surface  temperatures  will  increase, 
causing  a  decrease  in  deposition  thickness.  The  decrease  in  deposit 
thickness  will,  in  turn,  cause  the  deposition  or  particle  impingement 
rate  to  decrease  if  the  deposit  irregularies  in  the  contour  caused  in¬ 
creased  impingement.  When,  at  a  given  location,  the  heat  sink  material's 
surface  temperature  is  above  the  melting  point  of  the  deposit  and  particle 
impingement  is  not  present,  t'le  deposit  mass  entering  and  leaving  this 
location  are  equal.  That  is,  no  further  accumulation  of  the  oxide  can 
occur  and  the  deposit  thickness  will  begin  to  decrease.  At  this  heat  sink 
surface  temperature,  the  mechanisms  causing  the  attachment  of  Impinging 
particles  will  change.  Mechanical  attachment  will  undergo  a  severe 
change  since  the  deposit  is  no  longer  in  the  solid  phase  at  the  wall. 

Also,  the  Importance  of  chemical  attachment  via  the  formation  of  Al^C^  or 
is  decreased  due  to  the  potential  decrease  in  stability  of  these 
compounds  at  temperatures  above  the  oxide  melting  points.  If  the  heat 
sink  surface  temperature  exceeds  the  pressure  dependent  decomposition 
temperatures  of  Al.C^  or  Be.C,  the  chemical  attachment  mechanism  is  lost. 
Then,  the  deposit  flow  may  be  expected  to  degenerate  into  a  bead  or  drop¬ 
let  type.  However,  when  asbestos  or  silica  phenolic  is  employed  as  the 
gas  side  surface,  the  maximum  char  surface  temperature  that  can  be  expected 
is  between  3400  and  3600°F,  depending  on  the  free  stream  shear  imposed  on 
the  carboneous  char.  This  maximum  expected  temperature  is  below  the  melt¬ 
ing  point  of  both  alumina  and  beryllia.  Therefore,  apparent  strengthening 
of  the  char  should  result  while  the  deposit  is  retained  in  either  solid 
or  liquid  form.  In  this  program,,  deposits  were  retained  during  the  entire 
firing  and  no  char  regression  was  observed. 

When  the  polycrystalline  graphite  entrance  and  pyrolytic  -jraphite  throat 
insert  surfaces  of  motors  T-1  through  T-7  are  above  the  melting  of  BeO 
or  AI2O2,  the  deposit  mass  flow  rate  may  be  nearly  constant  and  approxi¬ 
mately  equal  to  the  deposit  mass  flow  leaving  the  asbestos  phenolic  aft 
closure.  Since  the  contour  area  decreases  and  the  wall  shear  increases 
in  these  regions,  the  mean  deposit  velocity  increases.  This  does  not 
necessarily  imply  that  the  deposit  thickness  will  decrease  as  the  throat 
is  approached.  However,  for  small  enough  mass  flow  rates  or  high  enough 
deposit  velocities  the  deposit  surface  tension  and  viscous  shear  forces 
will  precipitate  beading  or  droplet  flow.  When  the  graphite  surface 
temperatures  exceed  th"  interlayer  stability  temperature,  a  nonwetting 
condition  exists  between  the  oxides  and  the  carbon.  This  could  cause  a 
transition  to  dropler.  type  flow  for  significantly  thicker  deposits.  Non- 
uniform  deposit  thickness  in  the  circumferential  direction  will  occur  for 
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droplet  flow  and  nonuniform  corrosion  will  occur.  A  nonunifcrm  circumfer¬ 
ential  thickness  will  also  result  from  gravitational  effects. 

From  the  above  it  can  be  seen  that  the  differences  between  alumina  and 
beryllia  deposit  physical  behavior  can  be  related  to  the  differences  in 
melting  points,  thermal  conductivity,  oxide  particle  size  in  free  straam, 
r.nd  propellant  combustion  temperatures. 

The  behavior  of  the  deposit  in  the  exit  cone  is  not  necessarily  similar 
to  that  in  the  aft  closure,  entrance  section,  and  throat  insert  section. 
That  is,  in  the  exit  cone,  the  free  stream  is  supersonic  and  the  convec¬ 
tive  heat  transfer  coefficient  and  static  pressures  are  considerably  less 
than  in  the  throat  insert.  Since  the  decomposition  temperature  of  Al^C^ 
and  Be2C  decreases  with  decreasing  pressure,  the  heat  sink  surface  temper¬ 
ature  may  exceed  the  decomposition  temperature,  and  the  initial  oxide  de¬ 
posit  flowing  downstream  from  the  throat  insert  will  not  necessarily  wet 
portions  of  exit  cone.  This  will  cause  a  bead  or  droplet  type  deposit 
flow.  In  the  exit  cone  regions,  where  the  metal  carbide  interlayer  is 
stable,  chemical  attachment  will  occur.  The  time  required  to  melt  the 
exit  cone  deposit  could  be  si gnif ic&ntly  longer  than  in  the  throat  due 
to  the  difference  in  convective  heat  transfer.  The  formation  of  an  exit 
cone  deposit  can  significantly  alcer  tne  free  stream  flow  field  (super¬ 
sonic  flow),  complicating  the  deposit  behavior  and  thrust  data.  The 
transient  behavior  of  the  plume  observed  (motion  pictures)  in  both  aluminum 
and  beryllium  propellant  firings  is  indicative  of  the  complicated  depo.si- 
tion  behavior  in  the  exit  cone  (i.e.,  plume  separation  and  plume  flow 
field  alteration). 

(2)  Analytical  Deposition  Model 

As  can  be  seer,  from  the  physical  model,  a  useful  analytical  model  for  the 
deposition  phenomena  will  require  (1)  the  prediction  of  the  transient 
deposit  history  and  impingement  rates  experienced  in  the  motor;  (2)  the 
specification  of  such  property  data  as  liquid  alumina  and  beryllia  thermal 
conductivity,  density,  specific  heat  and  viscosity;  (3)  the  investigation 
of  the  mechanisms  affecting  alumina  and  beryllia  wetting  and  attachment 
to  gas  side  surface  materials;  and  (4)  the  determination  of  free  stream 
particle  size.  Since  an  oxide  deposit  provides  both  a  thermal  and  chemical 
protective  barrier  between  the  gas  side  surface  material  and  the  combus¬ 
tion  products,  the  determi.iation  of  the  thermal  and  corrosion  character¬ 
istics  of  a  metalized  propellant  rocket  motor  requirves  specification  of 
the  transient  deposit  thickness.  At  the  present  time,  only  the  throat 
deposit  history  can  be  determined  by  empirical  means  (Paragraph  5.2). 
Therefore  .he  th'^oat  is  the  only  location  where  the  thermal  re.'-ponse 
analyses  rave  been  applied  (Paragraph  2,5.c). 
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In  Reference  1,  an  approximate  analytical  deposition  model  was  presented. 
The  application  of  that  model  to  the  nozzles  of  this  program  will,  however, 
be  deferred  until  (1)  some  of  the  required  assumptions  can  be  verified 
and/or  revised,  and  (2)  some  of  the  important  material  property  data  are 
available.  The  assumptions  that  must  be  verified  and/or  revised  and  the 
required  material  property  data  are  summarized  and  discussed  below: 

(a)  Assumptions 

.  Use  of  cold  flow  modeling  and  analytical 
considerations  to  determine  transient 
impingement  locations  and  rate.  This 
assumption  is  questionable  due  to  the 
alteration  of  the  nozzle  contour  by  the 
deposit.  A  significant  axial  change  in 
gas  side  material  thermal  conductivity 
will  alter  the  deposit  thickness,  caus¬ 
ing  additional  sites  where  impingement 
may  occur. 

,  All  particles  that  impinge  on  the  wall 
will  stick.  This  assumption  seems 
reasonable  when  the  gas  side  surface 
is  in  the  liquid  state  (i.e.,  entrain¬ 
ment  of  impinging  particles).  However,  it 
is  questionable  for  solid  surfaces  as 
shown  by  the  plasma  studies 
(Paragraph  3. 3. a), 

.  The  deposit  wets  the  gas  side  surface 
materials  (droplet  or  bead  type  flow 
does  not  exist).  This  assumption  is 
invalid  for  wall  temperatures  above 
the  effective  decomposition  temperature 
of  the  carbide  interlayer, 

,  Omission  of  internal  pyrolysis  mass  flow 
effect  on  deposition. 

.  Trial  and  error  procedure  used  in  deter¬ 
mining  the  mass  mean  particle  diameter  (d) 
from  measured  throat  deposition  thickness. 

Any  errors  in  the  property  data  would 
magnify  the  error  in  H  determination; 
therefore,  it  is  desired  that  d  be  speci¬ 
fied  from  particle  collection  studies. 
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(b)  Propt’rcy  Data 

.  liquid  thermal  conductivity, 

viscosity  and  density.  These  data  have  not 
been  ioand  in  the  literature;  therefore, 
use  could  be  made  of  the  analytical  expres¬ 
sions  presented  in  Reference  12  for  con- 
dJLctivity  and  viscosity. 

.  Asbestos  phenolic  char  thermal  conductiv¬ 
ity  at  bi  .emperature  .  The  presence  of 
the  depoo  i '  ^an  lea'^  to  both  unusually 
high  char  temperatuies  and  to  dilution  of 
asbe'^tos  and  silica. 

e.  (C)  Motor  Test  Data  and  Thermal  Analysis 

(1)  (C)  Nozzle  Thermal  Data 

The  backside  surfaces  of  the  polycrystalline  graphite  entrance  section, 
pyrolytic  graphite  thiuat  insert,  polycrystalline  graphite  throat  insert 
sleeve,  and  the  graphite  exit  ccae  of  nozzles  T-1  through  T-7  were  in¬ 
strumented  with  thermocouples.  The  thermocouples  were  located  at  various 
axial  positions  so  that  he  variation  in  the  gas  side  surface  boundary 
condition  with  area  ati.^  could  be  determined  and  characterized  for  each 
motor  firing.  T  .  temporafre  data  acquired  from  each  motor  firing  are 
pres-  .ted  in  Figures  8  to  14.  The  start  time  (t=0)  in  each  figure  is 
identical  cc  that  i.  Figures  j i8  tj  124  of  Paragraph  5.2.b.  Thermo¬ 
couple  selection  and  installation  are  discussed  in  Paragraph  4.3. 

The  photographs  _  tue  aft  clos'  e,  entrance  section  and  throat  insert 
i’l  ulitioa  clxar  are  prc' onted  in  Paragraph  3.4. a.  The  surface  regression 
TUfcjsurer’Gntx  for  the  throat  region  of  nozzles  T-1  through  T-7  are  presented 
in  Paragraph  3.2.b.  No  significant  surface  regression  occurred  in  the  aft 
clo''uri’,  encraacfc  cone  and  exit  cone  sect^  ns  of  these  motors. 

(2)  (C)  Nozzle  Thermal  Analysis 

The  resul '.s  obtained  by  applying  the  thermal  analyses  described  in 
Paragraph  2.5.C  to  nozzles  T  ^  Larough  T-V  consist  of  (1)  quantitative 
characterization  of  tae  ga.s  side  bo-  adar>  conJ'Cit  n  in  the  entrance, 
throat,  and  exit  sections;  (2)  detarmlnacion  of  .he  gas  side  convective 
heat  transfer  coefficient  at  the  throat;  (J)  prediction  of  heat  sink 
therms’  responsi'  t  the  throat ,  and  f4)  detern ination  of  the  pyrolytic 
graphite  washer-polyrrystalline  graphite  slnove  interface  conductances. 

The  propellant  ana  rocket  motor  p-"  t' ters  chat  were  employed  in  the 
thermal  analyses  of  Paragraph  2.  >.■  re  presented  in  Table  IV.  The  time 
t=0  corresponding  to  .  firing  clinv  ;  In  Table  IV  are  shown  in 
Figures  118  through  114. 
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FIGURE  8A.  TEMPERATURE  RESPONSE  OF  HEAT  SINK  BACKWALL  FOR  FIRING  T- 
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FIGURE  8C  .  TEMPERATURE  RESPONSE  OF  HEAT  SINK  BACKWALL  FOR  FIRING  T- 
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FIGURE  9A.  TEMPERATURE  RESPONSE  OF  HEAT  SINK  BACKWALL  FOR  FIRING  T- 
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FIGURE  lOA.  TEMPERATURE  RESPONSE  OF  HEAT  SINK  BACKWALL  FOR  FIRING  T- 
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FIGURE  lOB.  TEMPERATURE  RESPONSE  OF  HEAT  SINK  BACKWALL  FOR  FIRING  T-3 
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FIGURE  llA.  TEMPERATURE  RESPONSE  OF  HEAT  SINK  BACKWALL  FOR  FIRING  T-4 
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FIGURE  12A,  TEMPERATURE  RESPONSE  OF  HEAT  SINK  BACKWALL  FOR  FIRING  T-5 
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FIGURE  13A,  TEMPERATURE  RESPONSE  OF  HEAT  SINK  BACKWALL  FOR  FIRING  T- 
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FIGURE  13B.  TEMPERATURE  RESPONSE  OF  HEAT  SINK  BACKWALL  FOR  FIRING  T- 
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FIGURE  14B.  TEMPERATURE  RESPONSE  OF  HEAT  SINK  BACKWALL  FOR  FIRING  T-7 
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TABLE  IV.  PROPELLANT  AND  ROCKET  MOTOR  PARAMETERS  USED  IN 
THERMAL  ANALYSIS  OF  MOTORS  T-1  THROUGH  T-7 


Rocket 

Motor 

Initial 

Throat 

Diameter 

(Inches) 

Theoretical 

Combustion 

Temperature 

(°R) 

Ideal 

Throat 

Recovery 

Temperature 

(°R) 

Firing 

Time** 

(sec) 

Average 

Chamber 

Pressure** 

(psia) 

Transient 

Chamber 

Pressure 

(psia) 

T-l 

1.166 

6770 

6610 

17.4 

870 

Figure  118 

T-2 

1.030 

6120 

6020 

24.5 

840 

Figure  119 

T-3 

1.1898 

6340 

6250 

16.0 

902 

Figure  120 

T-4 

1.0295 

6170 

6050 

24.0 

334 

Figure  121 

T-5 

1.044 

6160 

6090 

23.0 

853 

✓ 

Figure  122 

T-6(#l)* 

1.200 

6320 

6260 

21.6 

636 

Figure  123 

T-6(#2)* 

1.200 

6320 

6260 

26.6 

534 

Figure  123 

T-7 

1.146 

6780 

6660 

16.5 

952 

Figure  124 

The  firing  of  motor  T-6  experienced  a  5-second  start  delay  during  which 
time  the  chamber  pressure  was  approximately  90  psia.  Therefore  two 
firing  times  were  en^loyed  in  the  evaluation  of  the  effective  heat  trans¬ 
fer  coefficients. 

*Flring  times  and  average  pressures  have  been  selected  specifically  for 
use  in  the  thermal  analysis  and  do  not  necessarily  agree  with  the  action 
times  and  average  pressures  given  in  Paragraph  5.2.b. 


The  total  heat  absorbed  per  unit  area  of  gas  side  surface  (Equation  4 
and  6)  and  the  effective  heat  transfer  coefficient  (Equation  5)  are 
presented  in  Table  V  as  a  function  of  area  ratio  for  motors  T-l  through  T-/. 
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As  discussed  In  Paragraph  2.5.C,  the  determination  of  hgff  from  Qj/A 
(Equation  3)  requires  a  series  of  transient  conduction  computer  computations 
applied  to  the  rocket  motor  heat  sink  materials.  These  computations  result 
In  a  plot  of  Qr/A  versus  h^ff  at  different  axial  positions  In  the  rocket 
motor.  A  sample  plot  of  Qi^/A  versus  hg££  Is  shown  In  Figure  7  for  the  throat 
location. 

The  average  and  pressure  dependent  gas  side  convective  heat  transfer  coeffi¬ 
cients  at  the  throat  location,  for  nozzles  T-1  through  T-7,  are  presented  In 
Table  VI.  The  coefficients  were  obtained  using  the  thermal  analysis  of 
Paragraph  2.5.c(l)(c)  and  the  transient  deposition  data  In  Paragraph  5.2.b. 
Also,  presented  In  Table  VI  for  conq>arison  Is  the  throat  convective  heat 
transfer  coefficients  (average  and  variable  pressure)  obtained  from  theoret¬ 
ical  calculations  using  the  modified  Bartz  equation  (Paragraph  2. 5. a).  An 
error  analysis  has  not  yet  been  performed  for  the  technique  Involved  In 
determining  hg££;  however,  the  error  In  hg££  Is  estimated  to  be  +8.0  percent 
and  -3.0  percent. 

TABLE  VI.  THROAT  HEAT  TRANSFER  COEFFICIENTS 
FOR  TESTS  T-1  THROUGH  T-7 


Average  Gas  Side  Convective 
Heat  Coefficient  _ 

Rocket  (based  on  average  P^  pre- 

Motor  sented  In  Table  IV) _ 

Semi -empirically 


1 


Pressure  Dependent  Gas 
Side  Convective  Heat 
Transfer  parameter  0 


where:  h-  »  0(P/1OO) 


1 


Determined 
(Section  2.5.c) 
(Btu/in.^sec'^F) 
\ 

Modified  Bartz 
(T„  -  5400°R) 
(Btu/ln. ^sec°F) 

Semi -empirically 

Determined 

(Btu/in.^8ec°F) 

Modified  Bar 
(T„  -  5400°R 
(Btu/in.^sec 

T-1 

0.00698 

0.00653 

0.00124 

0.001161 

T-?. 

0.00449 

0.00573 

0.000838 

0.001073 

T-3 

0.00769 

0.00576 

0.00132 

0.000994 

T-4 

0.00595 

0.00627 

0.00109 

0.00115 

T-5 

0.00385 

0.00495 

0.000693 

0.000891 

T-6 

m) 

0.00607 

0.00367 

0.00138 

0.000836 

T-6 

m) 

0.00315 

0.00320 

0.000825 

0.000836 

T-7 

0.00804 

0.00565 

0.00132 

0.000935 
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The  thermal  response  of  the  throe.';  heat  sink  material  for  rocket  motors 
T-1  through  T-7  are  shown  in  Figures  15  to  23.  These  figures  were  con¬ 
structed  using  (1)  the  thermal  analysis  of  Paragraph  2.5.c(l)(c),  (2)  the 
pressure  dependent  gas  side  convective  heat  transfer  parameters  of  Table  VI, 
and  (3)  the  transient  deposit  thickness  histories  given  in  Paragraph  5.2.b. 

The  contact  conductance  (C  ■  1/RA,  where  R  is  the  contact  resistance)  were 
calculated  at  the  pyrolytic  graphite  insert-polycrystalline  graphite  (ATJ) 
sleeve  interface.  The  results  are  tabulated  in  Table  VII. 

TABLE  VII.  THROAT  INSERT  INTERFACE 
CONTACT  CONDUCTANCE 


Contact  Conductance 


Motor  Test 

Axial  Location  in  Motor 
(Area  Ratio) 

r  T  „ 

0  1  Btu 

AAtJ  in.^sec^F 

T-1 

-2.66 

0.0006 

-1.24 

0.0014 

1.00 

0.0016 

T-2 

Insufficient  Thermocouple  Data 

T-3 

1.00 

0,0011 

T-4 

Insufficient  Thermocouple  Data 

T-5 

1.00 

0.00237 

T-6 

1,00 

0.013 

T-7 

1.00 

0.0011 
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PARAMETERS  USED  IN  ANALYSIS: 

THROAT  RECOVERY  TEMPERATURE  : 

6610  °R 

PRESSURE  DEPENDENT  GAS  SIDE  HEAT 
TRANSFER  COEFFICIENT  (MEASURED)  : 

h  »  0.00124  Btu/IN.^  SEC  °F 

P.G.  -  ATJ  CONTACT  CONDUCTANCE  : 

inT  sec  °F 


1.90 

IN. 


1.50 

IN. 


}—  0.30  IN. 
ATJ 

P.G. 


»  D  =  1. 


DEPOSIT 
166  IN. 


5000 


4000 


»  GAS 
\  TEM] 

’side  SURFAC 
PERATURE  OF 

E 

DEPOSIT 

M.p.  y 

•OF  / 

BeO  / 

END  OF  FIRING 


FINAL  MEASURED 
•THROAT  DIAMETERH 
=  1.176  IN. 


b 


3000 


MEASURED  P.G. 
BACKWALL  TEMPERATTRE 


P.G.  SURFACE 
TEMPERATURE 


r —  PREDICTED  P.G. 
\  BACKWALL 
\  TEMPERATURE 


2000 


1000 


i0.04 


CALCULATED  THROAT 
DEPOSIT  THICKNESS] 

ASSUMED  INITIAL  AND 
FINAL  DEPOSIT  VARIA 
^  .  TION  WITH  TIME  IN 
''  THERMAL  ANALYSIS'! 
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FIGURE  15.  THROAT  TEMPERATURE  RESP(MiSE  WITH  DEPOSITION  FOR  FIRING  T*1 
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FIGURE  16.  THROAT  TEMPERATURE  RESPONSE  WITH  DEPOSITION  FOR  FIRING  T-7 
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FIGURE  17.  THROAT  TEMPERATURE  RESPONSE  FOR  FIRING  T-4 
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FIGURE  18.  THROAT  TEMPERATURE  RESPONSE  FOR  FIRING  T-5 
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FIGURE  19.  THROAT  RADIAL  TEMPERATURE  PROFILE  AT  12  SECONDS  FOR 
FIRING  T-5 
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FIGURE  20.  THROAT  TEMPERATURE  RESPONSE  WITH  DEPOSITION  FOR  FIRING  T-3 
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FIGURE  22.  THROAT  TEMPERATURE  RESPONSE  WITH  DEPOSITION  FOR  FIRING 
T-6  (#2) 
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FIGURE  23.  THROAT  TEMPERATURE  RESPONSE  WITH  DEPOSITION  FOR  FIRING  T-2 
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(3)  (C)  Discussion  of  Results 

The  dependence  of  the  effective  heat  transfer  coefficient  (hgff)  on  nozzle 
area  raclo  Is  presented  In  Table  V.  As  defined  In  Paragraph  2,5.c(2),  this 
coefficient  Includes  the  combined  effects  of  convection,  radiation,  and  dep¬ 
osition  on  surface  heat  transfer.  The  determination  of  the  local  radiation 
and  convection  boundary  conditions  from  hg££  requires  Independent  specifica¬ 
tion  of  the  local  transient  deposit  thickness  (see  Paragraph  2.3.c(2)). 

From  Table  V,  the  maximum  effective  heat  transfer  coefficient  is  shown  to 
be  upstream  from  the  throat  for  all  motor  tests  except  T-3.  The  location 
of  the  maximum  convective  heat  transfer  coefficient  is  also  predicted,  from 
boundary  layer  theory,  to  be  upstream  from  the  throat.  It  may  be  reasonably 
assumed  that  the  variation  in  transient  deposit  thickness  between  ports  10 
and  12  of  Table  V  is  negligible,  thus  reflecting  the  predicted  variation  in 
convective  heating  in  the  hg££  values  of  Table  V.  However,  a  slight  varia¬ 
tion  in  the  transient  deposit  thickness  will  greatly  influence  h  ££  between 
ports  10  and  12.  Referring  to  the  throat  transient  deposit  thickness,  it 
can  be  seen  that  deposit  removal  during  Test  T-3  is  considerably  different 
from  the  other  tests.  Therefore,  a  plausible  explanation  for  the 
anomalous  behavior  of  h  ££  in  Test  T-3  involves  the  detailed  deposit 
behavior  which  cannot  be  deduced  directly. 

The  variation  in  h«  ££  with  area'tatio  also  reflects  the  variation  in  local 
deposit  thickness  curing  the  firing.  From  the  physical  deposition  model  of 
Paragraph  2.5.d,  a  signficant  variation  in  deposit  thickness  is  expected 
when  a  change  in  surface  material  (and,  consequently,  the  thermal  conduc¬ 
tivity)  occurs  along  the  wall  contour.  For  the  rocket  motor®  of  Table  V, 
this  occurs  slightly  upstream  of  port  5  and  between  ports  1  and  8.  In  com¬ 
paring  the  variation  in  hg££  between  ports  5  and  3,  a  significant  increase 
in  hg££  occurs  for  firings  T-1  and  T-3  indicating  that  a  substantial  axial 
change  in  deposit  thickness  existed  during  firing.  This  variation  between 
ports  5  and  3  did  not  occur  in  motors  T-5  and  T-7.  This  may  be  explained 
by  the  fact  that  motors  T  5  and  T-7  were  fired  with  aluminum  propellants 
whereas  beryllium  propellants  were  employed  in  motors  T-1  and  T-3.  That  is, 
due  to  the  large  differences  in  AI2O3  and  BeO  melting  points  and  thermal 
conductivities,  more  beryllia  accumulates  by  freezing  on  the  surface  of  the 
heat  sink  material  than  does  alumina.  The  maximum  gas  side  surface  tempera¬ 
ture  of  solid  BeO  exceeds  solid  AI2O3;  therefore,  the  ‘:ime  required  to  liquify 
BeO  deposit  will  be  greater  than  that  for  the  AI2O3.  From  this  it  can  be  seen 
that  the  variation  in  BeO  deposit  thickness  between  thermally  dissimilar 
materials  will  be  greater  than  will  be  the  case  for  alumlna- 

The  influence  of  the  deposit  on  the  heat  sink  boundary  condition  can  be 
seen  by  comparing  the  throat  effective  heat  transfer  coefficients  of  Table  V 
with  the  semi-emperical  average  gas  side  convective  heat  transfer  coefficients 
given  in  Table  VI.  From  this  comparison,  it  can  be  seen  that  the  effect  of 
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deposition  on  the  heat  sink  material's  thermal  boundary  condition  Is  very 
iiiq>ortant  and  must  be  Included  In  the  heat  transfer  analysis.  This  obser¬ 
vation  can  also  be  deduced  directly  from  Figures  15  through  23. 

The  correlation  shown  In  Table  VI  between  the  seml-emplrlcally  determined 
convective  heat  transfer  coefficient  and  the  modified  Bartz  prediction  Is 
very  good  Indicating  the  ability  of  the  modified  Bartz  analysis  to  approxi¬ 
mate  throat  convective  heat  transfer.  Such  agreement  should  be  regarded  as 
fortuitous  because  It  ignores  deposition.  The  thermal  response  of  the  throat 
washer  for  the  rocket  motors  employing  the  highest  flame  teiq>erature  propel¬ 
lants  (Arcocel  191F  and  389  analogs)  are  shown  In  Figures  15  and  16.  The 
effect  of  deposition  on  heat  sink  surface  temperature  Is  clearly  evident. 

As  predicted  by  the  physical  deposition  model  (Paragraph  2.5.d),  the  BeO 
throat  deposit  thickness  for  the  beryllium  propellant  will  be  greater  than 
the  AI2O3  deposit  for  the  aluminum  analog  (higher  deposit  thermal  conduc¬ 
tivity  and  melting  ten^erature  promotes  greater  deposit  thickness). 

Although  the  alumina  thickness  Is  considerably  less  than  that  of  beryllla, 
the  thermal  Insulation  provided  by  the  AI2O3  deposit  in  firing  T-7  Is  sig¬ 
nificant  due  to  Its  low  thermal  conductivity.  The  typical  reversal  of  the 
surface  temperature  tcend  cn  arrival  of  the  deposit  derives  from  the  fact 
that  the  heat  transfer  from  the  exhaust  to  the  graphite  washer  surface  Is 
less  than  the  radial  heat  conduction  away  from  the  surface.  For  firing  T-7, 
the  AI2O3  deposit  at  the  throat  was  at  all  times  in  the  liquid  pliac<^  (l>e., 
P.G.  surface  temperature  above  AI2O3  melting  point);  therefore,  the  variation 
in  throat  deposit  thickness  can  be  attributed  to  variations  in  the  upstreair 
AI2O3  mass  flow.  In  contrast,  the  initial  BeO  deposit  war  solid  In  test  T-1. 
Therefore,  tne  mass  storage  of  BeO  ac  the  throat  (Increase  in  deposit 
thickness)  may  be  attributed  to  both  solidification  of  the  on-coming  deposit 
and  to  variation  In  upstream  mass  flow.  As  the  firing  proceeds,  the  deposit 
partially  melts  and  the  liquid  flows  downstream.  At  approximately  7  seconds 
during  the  firing,  the  deposit  thlcknes.s  starts  tn  decrease  due  to  Increased 
liquification  at  the  throat  (Increasing  P.G.  surface  temperature)  and/or 
reduced  on-coming  deposit  mass  flow.  At  14  seconds,  t.tc  P.G.  surface  tempera¬ 
ture  Is  equal  co  the  melting  point  of  FeO  and  no  significant  throat  deposit 
Is  detectable  during  the  remainder  of  t’.e  ^Irlng,  However,  as  shown  by  both 
the  physical  deposition  model  and  post  test  observations,  deposition  is  pres¬ 
ent  at  all  clmes  In  the  aft  closure  region.  From  this,  it  Is  apparent  that 
some  deposit  must  pass  through  th”  throat.  However,  the  oxide  flow  could 
easily  be  obscured  by  the  corr'^sioa  occurlng  la  the  final  few  seconds.  Ac 
relatively  long  firing  times  (greater  than *-14  seconds  for  Tests  I- 1  and  T-7), 
the  polycrystilline  graphite  entrance  and  pyrolytic  graphite  throat  Insert 
surfaces  rre  expected  to  be  aboire  the  melting  pol.it  of  BeO  or  AI2O3.  There¬ 
fore,  the  deposit  mass  flow  In  this  region  may  be  nearly  constant  and  approx¬ 
imately  equal  to  the  deposit  mass  flow  leaving  the  asbestos  phenolic  aft 
closure.  Both  gravity  and  liquid  acceleration  effects  shoulo  eventually  pro¬ 
mote  circumferential  nonuniformities  in  the  deposit  profile.  The  edg^  grain. 
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pyrolytic  graphite  washers,  will  be  effective  in  damping  out  circumferential 
variations  in  hgff.  However,  any  portion  of  the  graphite  surface  which  is 
exposed  to  the  gas  stream  will  suffer  chemical  attack.  Elliptical  erosi|:in  of 
the  throat  will  be  the  result. 

From  Figures  15  and  16,  it  is  seen  that  throat  deposition  is  initiated 
earlier  for  the  beryllium  propellant  than  for  the  aluminum.  For  equal  flame 
temperature,  chamber  pressures,  and  rocket  motor  configurations  (gas  side 
surface  materials),  this  observation  could  be  explained  if  (1)  beryllia 
particle  sizes  in  the  chamber  for  propellant  191F  are  greater  than  the 
alumina  particles  of  propellant  389,  (2)  the  viscosity  of  liquid  BeO  is 
greater  than  that  of  liquid  AI2O3,  or  (3)  beryllia  may  degrade  the  contour 
smoothness  to  the  greater  degree,  promoting  effectively  higher  axial  deposit 
propagation  rates. 

The  deviation  between  the  predicted  and  measured  P.G.  backwall  temperature 
of  Figures  15  and  16  may  be  caused  by  (1)  an  error  in  the  assumed  thermal 
conductivity  of  liquid  AI2O3  or  BeO,  (2)  errors  inherent  in  the  semi- 
emperical ly  determined  convective  heat  transfer  coefficient,  (3)  inaccuracies 
in  the  derived  deposit  thickness  history,  arJ  (4)  thermocouple  errors. 

The  thermal  response  of  the  P.G.  throat  washer,  for  the  Tests  T-4  and  T-5 
(composite  analogs)  are  presented  in  Figures  17  and  18,  respectively.  The 
transien  “hroat  deposit  thickness  for  the  beryllium  firing  exceeds  that 
for  the  aluminum,  as  was  observed  in  firing  T-1  and  T-7.  The  difference 
in  BeO  deposition,  between  Tests  T-1  and  T-4,  and  AI2O3  deposition,  between 
Tests  T-7  and  T-5,  can  be  attributed  to  the  difference  in  flame  temperatures 
(6170  and  6770  °R,  respectively).  As  shown  by  the  physical  deposition  model 
of  Paragraph  2.5.d,  higher  flame  temperatures  will  cause  an  increase  in  sur¬ 
face  tenqjerature  levels  (for  comparable  heat  transfer  coefficients).  There¬ 
fore,  less  time  is  required  to  reach  the  deposit  melting  point,  causing  a 
decrease  in  the  amount  of  deposit  that  will  solidify.  Although  the  deposit 
thickness  is  greater  for  the  beryllium  propellant  (T-4)  than  its  aluminum 
analog  (T-5),  the  effect  of  the  AI2O3  deposit  on  P.G.  surface  temperature  is 
greater  (lower  AI2O3  thermal  conductivity). 

In  firing  T-4,  a  decrease  in  deposit  throat  thickness  occurs  at  approximately 
12  seconds  this  time,  the  deposit  surface  temperature  is  predicted  to  be 

100°F  belr'-v  the  melting  point  of  BeO.  As  hypothesized  by  the  physical  depo¬ 
sition  .iiodel,  a  decrease  in  local  deposit  thickness  will  occur  only  if  a 
portion  of  the  deposit  liquifies.  This  indicates  that  (1)  the  convective 
heat  transfer  coefficient  employed  in  the  thermal  analysis  is  low,  (2)  the 
transient  deposit  thickness  is  low,  (3)  the  thermal  conductivity  of  BeO  is 
in  error,  and/or  (4)  there  are  phenomena  not  accounted  for  in  the  physical 
deposition  model.  From  recently  obtained  data,  the  thermal  conductivity  of 
BeO  was  found  to  be  1.6  x  10"^  Btu/ln.8ec°F.  In  the  thermal  analysis  of 
Test  T-4,  a  BeO  conductivity  of  1.85  x  10'^  Btu/in.8fec°F  was  enq>lcyed. 
Therefore,  the  predicted  BeO  gas  side  surface  temperature  should  be  slightly 
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lower  than  may  be  expected  If  the  revised  conductivity  is  employed.  For 
the  aluminum  propellant  (T-5),  the  decrease  in  throat  deposit  thickness 
occurs  after  the  deposit  surface  has  reached  the  AI2O3  melting  point.  How¬ 
ever,  the  time  at  which  deposit  removal  is  comnlete,  corresponds  to  a  P.G. 
surface  temperature  of  3200°F.  As  noted  from  the  deposit  thickness  history, 
a  very  rapid  decrease  occurs  at  this  time  suggesting  :liat  the  liquid  deposit 
became  unsatbie.  The  molten  products  of  asbestos  pyrolysis  could  also  be 
important.  It  is  doubtful  that  all  of  the  deposit  was  actually  remqved  at 
the  time  indicated  by  the  deposit  history  since  corrosion  was  in  progress. 

For  conq>arison,  the  P.G.  surface  temperature  was  calculated  (Test?  T-4  and 
T'5)  assuming  that  the  BeO  and  AI2O3  deposit  was  not  present.  The  no-deposit 
and  deposit  calculations  employed  the  same  convect-ive  heat  transfer  coeffi¬ 
cient.  The  resulting  differences  in  P.G.  surface  temperature  is  significant, 
with  the  maximum  differences  being  980  and  1300°F  for  BeO  and  AI2O3,  respec¬ 
tively.  The  effect  of  the  deposit  on  the  throat  radial  temperature  profile 
Is  shown  in  Figure  19.  From  Figure  19,  it  can  be  seen  that  the  deposit  effect 
must  be  Included  in  any  structural  analyses  anplied  to  the  P.G.  washer. 

The  thermal  response  of  the  throat  washer  for  ’’'»-sts  T-3  an".  T-6  tArcocel 
319BRF  and  its  390  analog)  are  presented  in  Fig^  -es  20  ar.u  21,  respectively. 

As  can  be  seen  in  Table  IV,  the  T-3  and  T-6  propellan^  combustion  teiiq>era- 
tures  are  leas  than  T-1  and  T-7  and  greater  than  T-4  and  T-5.  Therefore, 
it  is  expected  that  the  BeO  and  AI2O3  deposit  thickness  for  T-3  and  T-6  will 
be  greater  than  T-1  and  T-7,  respectively.  However,  the  deposit  thickness 
of  T-3  was  less  than  T-1.  This  is  probr’-ly  due  to  the  higher  throat  surface 
temperature  on  arrival  of  the  deposit  ir  Test  T-3.  The  AI2O3  deposit  thick¬ 
ness  variation  with  combustion  temperature  correlates  as  expected.  In  fir¬ 
ing  T-6,  a  delay  of  5  seconds  in  uniform  propellant  burning  was  encountered 
(see  pressure  trace  of  Figure  123);  therefore,  it  is  impossible  to  compare 
the  times  at  which  throat  deposition  was  initiated  for  firings  T-3  and  T-6. 

The  effect  of  the  ignition  delay  on  P.G.  surface  teiiq>erature  for  T-6  is  shown 
in  Figures  21  and  22.  Figure  22  cmp.oyed  the  trial  2  throat  heat  transfer 
coefficient  given  in  Table  VI  over  a  firing  time  of  26.6  seconds.  In 
Figure  21,  the  throat  heat  transfer  coefficient  of  trial  1  was  eiiq>loyed  over 
a  firing  time  of  21.6  seconds.  Trial  1  neglects  the  90  psi  chamber  pressure 
that  prevailed  for  the  first  5  seconds  of  firing. 

The  time  at  which  a  decrease  in  deposit  thickness  is  encountered  in  T-3  is 
at  the  end  of  the  firing.  This  decrease  is  almost  instantaneous,  suggesting 
that  the  chamber  pressure  decay  and  P.G.  surface  temperature  were  such  that 
the  carbide  interlayer  decomposed,  causing  the  deposit  to  be  blown  off. 

This  observation  is  confirmed  to  some  extent  by  the  movies.  From  Figure  21, 
the  P.G.  surface  tenq>erature  was  above  the  AI2O3  melting  point  at  times  when 
the  throat  deposit  was  present.  Therefore,  the  variation  in  throat  deposit 
thickness  was  not  due  to  phase  transformation  of  the  deposit  but  to  variation 
in  the  upstream  deposit  mass  flow. 
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The  throat  thermal  response  for  firing  T-2  is  shown  in  Figure  23.  This 
beryllium  propellant  (24F)  has  a  combustion  temperature  nearly  equal  to 
that  in  Tests  T-4  and  T-5.  Therefore,  the  deposit  thickness  could  be  com¬ 
parable  to  T-4.  However,  the  deposit  thicknesses  were  somewhat  dissimilar. 
The  graphite  surface  temperature  at  deposit  arrival  was  apparently  about 
200°F  lower  in  Test  T-2  and  T-4.  At  the  time  when  the  deposit  thickness 
decreases  in  Test  T-2  (16  seconds),  the  deposit  gas  side  surface  temperature 
is  110°F  below  the  melting  point  of  BeO.  Also,  the  predicted  P.G.  backwall 
temperature  is  considerably  lower  than  the  measured.  These  observations 
suggest  that  the  gas  side  connective  heat  transfer  used  in  the  thermal 
analysis  was  lower  than  the  actual  value. 

The  contact  conductances  between  the  F.G.  backwall  surface  and  the  ATJ  sleeve 
are  presented  in  Table  VII.  These  contact  conductances  are  very  important  in 
the  analysis  of  the  backup  insulation  pyrolysis  process. 

During  firing,  the  heat  dissipated  by  ablation  is  insignificant  in  the 
thermal  response  of  the  polycrystalline  graphite  entrance  and  pyrolytic 
graphite  throat  insert  (Reference  11).  Also,  the  aft  closure  insulation 
boundary  condition  is  difficult  to  determine  due  to  the  deposition  phenomena 
encountered  during  firing.  Therefore,  during  the  second  quarter,  the  thermal 
response  of  the  insulation  materials  was  not  determined.  However,  some 
interesting  conclusions  can  be  obtained  from  the  aft  closure,  entrance,  and 
throat  insert  photographs  of  Paragraph  3. 4. a,  and  the  thermocouple  data  of 
Paragraph  2.5.e.  From  the  photographs  of  Paragraph  3. 4. a,  a  significant 
variation  in  pyrolysis  zone  thickness  exists  between  the  aft  closure  gas 
side  and  entrance-throat  insert  backup  reinforced  plastic.  The  thin  pyroly¬ 
sis  zone  in  the  aft  closure  region  indicates  very  little  heat  soak  time  in 
the  low  temperature  region  during  the  cooldown  period.  When  the  plastic  is 
employed  as  a  heat  sink  backup  insulator,  the  heat  stored  in  the  heat  sink 
is  primarily  dissipated  by  ablation.  Therefore,  the  time  that  the  pyrolysis 
zone  is  at  low  decomposition  temperatures  is  significantly  longer  than  that 
for  the  aft  closure.  The  heat  dissipated  by  ablation  in  aft  closure  consists 
primariry  of  heat  stored  in  the  char  and  remaining  deposit. 

From  the  thermocouple  responses  of  Paragraph  2.5.e,  it  is  noted  that  at  the 
time  of  shutdown  a  significant  decrease  in  thermocouple  temperature  is 
experienced.  This  phenomenon  was  also  experienced  during  Contract 
AF  04(611)-9904.  The  explanation  is  that  cooling  of  the  thermocouple  tip 
occurs  as  the  stored  pyirolysis  gases  depressurize  during  shutdown. 

2.6  (C)  CONCLUSIONS,  RECOMMENDATIONS  AND  FUTURE  WORK 

a.  (C)  Conclusions 

The  re:?ults  of  the  initial  program  motor  tests  were  sufficiently  complicated 
to  preclude  any  final  conclusions.  Several  of  the  most  probable  con-lusions 
are  given  below. 
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(1)  Tiie  behavior  of  beryllium  propellants  does  not 
generally  compare  with  that  of  aluminum  propellants 
because  of  significant  differences  in  the  deposition 
and  metal  combustion  mechanics.  Deposition  tends 

to  magnify  material's  thermal  behavior  differences 
while  providing  corrosion  protection.  Without 
deposition,  poof  beryllium  propellant  combustion 
tends  to  magnify  the  apparent  '.orrosivity  of  the 
exhaust.  The  coupling  of  propellant  bum  rate 
properties  with  throat  deposition  tends  to  accentuate 
otherwise  minor  differences  among  beryllium 
propellants. 

(2)  Propellant  materials  selection  criteria,  based  on 
idealized  propellant  performance  characteristics, 
may  be  valid  only  when  deposition  and  combustion 
problems  can  be  neglected.  Low  delivered  performance 
and  poor  nozzle  performance  should  be  closely 
related. 

(3)  The  accurate  prediction  and  interpretation  of  heat 
transfer  and  corrosion  are  contingent  upon  the 
characterization  the  exhaust  conq>osltion  and  the 
deposit  thickness  history.  In  addition,  the 
propellant  bum  rate  dependence  on  pressure, 
propellant  bum  area,  and  oxide  deposit  thermal 
properties  must  be  knpwn. 

(4)  The  thermal  measurements  from  Tests  T-1  through 
T-7  provide  qvialitative  support  to  the  theoretical 
corrosion  model  and  to  the  deposit  thickness 
histories  derived  from  the  ballistic  data.  The 
gas  side  heat  transfer  coefficients  appear  to  be 
related  to  C-star  performance.  These  coefficients 
are  in  fairly  good  agreement  with  the  results  of  the 
advanced  boundary  layer  theory  prediction. 

(5)  The  analysis  of  the  motor  Iperformance  for  the  remote 
end  burning  grain  tests  indicates  that  conq>lete 
beryllium  propellant  combustion  may  not  have  been 
achieved  as  planned.  According  to  the  qualitative 
combustion  model,  this  could  have  occurred  if  the 
small  niiraber  of  the  largest  particles  (35  to 

50  microns)  failed  tc  Ignite  in  the  low  velocity 
chamber  flow.  Such  unbumed  particles  could  have 
easily  escaped  detection  in  the  post  test  analysis 
of  the  hardware  and  exhaust  samples. 
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(6)  The  thermal  Instrumentation  appears  to  have 

provided  very  high  quality  data.  However,  the 
edge  grain  pyrolytic  graphite  washers  tend  to 
average  out  circumferential  variations  In  heat  flux 
due  to  nonuniform  oxide  deposition.  Some  axial 
averaging  of  the  heat  flux  Is  also  thought  to  occur. 

These  factors  reduce  the  degree  to  which  the  thermo¬ 
couples  can  resolve  thermal  and  chemical  events 
occurring  along  the  contour. 

b.  (U)  Recommendations 

The  development  of  analytical  heat  transfer,  corrosion  and  deposition 
techniques  has  not  progressed  enough  to  warrant  unqualified  recommendatlc'> 
of  their  use.  The  combination  of  deposition  and  propellant  combustion 
phenomena  continues  to  provide  the  best  source  of  materials  problems  with 
beryllium  propellants.  It  is  recommended  that  these  factors  be  carefvllv 
examined  in  other  test  programs.  More  consideration  should  be  given  to 
these  factors  In  the  selection  of  propellants  and  materials  in  the  advanced 
hardware  design  stage. 

c.  (U)  Future  Work 

During  the  remainder  of  the  program,  the  major  analytical  effort  will  jp. 
devoted  to  the  reduction  of  the  motor  test  thermal  data  and  comparison  of 
the  results  with  theory.  Emphasis  will  be  placed  on  the  heat  transfer, 
corrosion,  deposition,  and  metal  combustion  prediction  problems.  The 
analytical  studies  will  be  coordinated  more  extensively  with  the  data 
correlation  studies. 
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LABORATORY  STUDIES 


3.1  (U)  OBJECTIVES,  SCOPE  AND  SUMMARY 

a.  Objectives 

The  objectives  of  the  laboratory  studies  were  described  In  detail  In  the 
First  Quarterly  Progress  Report,  Reference  1.  These  have  not  changed  during 
the  present  reporting  period.  During  this  period,  the  objectives  of  the 
effort  were  limited  to:  (1)  completion  of  the  condensed  phase  reaction 
studies,  (2)  continued  Interpretation  of  the  cold  flow  modeling  results, 

(3)  specification  of  the  post- test  analysis  procedures,  and  (4)  completion 
of  the  post-test  analysis  of  the  hardware,  deposits,  and  exhaust  particle 
samples  from  the  first  seven  motor  tests. 

b.  Scope 

Reference  1  describes  the  Initial,  overall  scope  of  the  laboratory  studies 
phase  of  the  program.  It  has  been  necessary  to  reduce  the  scope  of  the  arc 
plasma  Impaction  and  deposition  studies.  While  the  Initial  graphite  surface 
temperatures  could  be  varied  as  planned.  It  was  not  possible  to  control  the 
subsequent  thermal  state  of  the  samples  during  Impaction.  In  general, 
extensive  deposit  buildup  was  experienced  In  these  experiments.  The  rapid 
change  In  the  apparent  Impingement  surface  angle  led  to  the  abandonment  of 
the  effort  to  evaluate  deposition  character  as  a  function  of  Impact  angle. 
With  respect  to  the  post-test  analysis  of  hardware  from  other  programs, 
efforts  will  be  made  to  obtain  Aerojet  (ADOBE),  Ihlokol,  and  Atlantic 
Research  hardware  In  addition  to  the  NOTS  nozzles  discussed  In  this  report. 
It  Is  expected  that  some  emphasis  will  be  given  to  studying  nozzles  which 
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featured  the  use  of  tungsten  inserts.  Finally,  an  effort  is  being  made  to 
augment  the  cold  flow  modeling  study  results  from  this  program  with  those 
from  another  program  currently  in  progress  at  Aeronutronic. 

c.  Summary  of  Progress 

The  objectives  of  the  laboratory  studies  during  the  second  reporting 
period  have  been  attained.  The  following  elements  of  work  have  been 
completed  or  are  in  progress  as  indicated. 


(1)  The  survey  of  the  beryllium-carbon- tungsten- 
nitrogen  system  has  been  completed. 

(2)  .  The  arc  plasma  impaction  and  deposition 

studies  have  been  completed. 

(3)  The  post- test  analysis  of  the  hardware  and 
condensed  phase  deposits  has  been  completed 
for  the  first  seven  motor  tests. 

(4)  The  post-test  analysis  of  the  hardware  from 
a  NOTS  program  has  been  completed. 

(5)  The  post-test  analysis  of  the  hardware  from 
the  internal  burning  grain  tests  is  in 
progress. 

(6)  An  effort  to  relate  cold  flow  modeling  test 
results  from  two  programs  is  in  progress. 

3.2  (U)  CONDENSED  PHASE  REACTION  STUDIES 

a.  Interaction  of  Beryllium  Compounds  With  Graphite  and  Tungsten 


The  results  of  this  phase  of  the  laboratory  studies  have  been  reported  in 
Reference  1.  This  study  was  concerned  with  the  condensed  phase  reactions 
of  BeO  and  Be3N2  with  graphite  and  tungsten. 

b.  Survey  For  Low  Melting  Compounds 

An  experimental  survey  of  the  Be-W,  Be-N-W,  and  the  Be-C-N  systems  has 
been  completed.  These  experiments  involved  the  heating  of  samples  of 
the  appropriate  composition  to  a  predetermined  temperature  for  a  given 
period  of  time.  The  samples  were  cooled  and  subsequently  examined  by  x-ray 
diffraction  to  identify  all  phases  present. 
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(1)  Procedure 


The  raw  materials  used  were  in  the  form  of  -325  mesh  powders  except  for 
the  tungsten  which  was  pressing  powder  with  an  average  particle  size  in 
the  range  of  2  to  4  microns.  There  were  no  impurities  in  the  tungsten 
powder  which  could  be  detected  by  X-ray  diffraction.  The  main  impurity 
in  the  beryllium  compounds  was  beryllium  oxide.  All  beryllium  comp«<unds 
had  4  to  10  percent  beryllium  oxide  content.  The  powders  were  weighed  to 
50  atomic  percent  of  each  compound  and  mixed  with  a  mortar  and  pestle  in 
an  argon  atmosphere  in  a  dry  box.  Each  mixture  was  loaded  into  a  one- inch 
diameter  polyethelyne  tube  and  Isostatically  pressed  at  15,000  psl.  This 
pressure  was  sufiiclent  to  produce  a  compact  with  sufficient  strength  to 
permit  handling  without  the  use  of  a  binder.  The  compacted  powders  were 
then  returned  to  the  dry  box  where  they  were  cut  into  cubes,  approximately 
1/2  inch  on  a  side.  This  was  the  sample  which  was  used  for  the  reaction 
studies . 

The  samples  were  removed  from  the  dry  box  and  placed  in  a  vacuum  bell  jar. 
The  samples  which  contained  tungsten  were  placed  on  a  piece  of  sheet 
tungsten  and  the  samples  which  contained  carbon  were  supported  by  a  piece 
of  graphite.  The  samples  were  heated  by  an  inductively-heated  graphite 
susceptor.  Temperatures  were  measured  with  a  micro-optical  pyrometer  which 
was  focused  directly  on  the  sample  through  a  hole  in  the  susceptor.  The 
tests  which  were  run  in  a  vacuum  were  made  at  pressures  lower  than  10“^ 
torr.  The  tests  which  were  run  in  an  atmosphere  were  made  at  a  pressure 
of  approximately  1/2  atmosphere.  These  tests  were  run  by  evacuating  the 
chamber  and  back-filling  with  regular  bottled  gas. 

(2)  Experimental  Results 

The  experimental  results  are  summarized  in  Table  VIII.  They  do  not  disclose 
any  previously  unknown  or  unexpected  results.  Two  beryllium- tungsten 
alloys  (WBe2  and  WBe^p.)  were  found.  Although  these  alloys  have  previously 
been  reported  (References  13,  14),  they  have  not  been  extensively  examined 
and  many  properties  are  unknown.  The  results  tend  to  confirm  the  existence 
of  the  WBe^2  alloy  with  a  melting  point  in  the  region  of  1250  to  1300°C. 

This  compound  would  precipitate  surface  melting  of  tungsten  inserts  when 
beryllium  metal  comes  in  contact  with  the  insert.  The  WBe2  alloy  apparently 
has  a  much  higher  melting  point.  Unfortunately,  no  information  is  available 
on  the  melting  point.  The  Be-W  system  is  very  similar  to  the  Be-Mo  system, 
in  which  phases  of  the  same  composition  are  formed.  The  MoBe2  phase  has  a 
melting  point  some  400°C  above  the  liquldius  temperature  of  the  MoBei2 
phase.  It  would  be  expected  that  the  W6e2  phase  would  be  more  refractory 
than  the  WBe^2  phase,  probably  by  approximately  400°C. 
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There  were  no  nitrides  formed  whan  Be  and  W  were  heated  in  nitrogen  at 
1300°C.  There  were  no  new  compounds  formed  between  Be3N2  and  W,  Be3N2 
and  Be,  or  Be2C  and  Be. 

All  samples  made  showed  considerable  loss  of  beryllium  at  the  higher 
temperatures  tested.  This  is  due  to  the  increased  vapor  pressure  of  the 
beryllium  and  its  direct  loss  through  vaporization.  The  BeO  detected  was 
the  result  of  some  oxygen  impurity  in  the  argon  test  gas  and  the  BeO 
impurity  in  the  raw  materials. 

The  Be»C-W  system  produced  two  new  compounds,  W2C  and  WC,  which  would 
probably  not  lead  to  any  problems  with  tungsten  inserts.  Formation  of 
these  compounds  would  be  very  detrimental  to  a  tungsten  insert  but  there 
would  be  little  likelihood  that  the  carbides  would  be  formed  via  reaction 
with  Be2C.  That  is,  if  8^20  were  present  as  an  exhaust  product,  there 
would  be  enough  carbon  available  in  the  exhaust  stream  to  form  the 
tungsten  carbides  directly. 

3.3  (C)  CONDENSED  PHASE  IMPACXTON  AND  DEPOSITION 
a.  (U)  Arc  Plasma  Studies 

The  arc  plasma  studies  of  condensed  phase  accumulation  and  removal  have 
been  completed.  During  this  reporting  period,  the  alumina  impingement 
results  (Reference  1)  were  extended  to  asbestos  phenolic.  The  beryllia 
impingement  on  asbestos  phenolic  and  graphite  was  also  studied.  For  all 
tests,  the  effluent  argon  gas  from  the  Plasmadyne  SG-1  arc  jet,  with  the 
entrained  oxide,  was  directed  to  give  45  degree  impingement  on  the  test 
specimen.  The  stagnation  pressure  on  the  model  was  approximately  one 
atmosphere  to  accommodate  the  arc  jet  design  and  the  safety  precautions 
required  when  operating  with  beryllia  entrainment. 

Secondary  heating  of  the  specimen,  by  other  than  arc  jet  impingement,  was 
not  employed  in  the  testing.  A  consequence  of  this  was  a  decrease  in 
specimen  temperature,  from  the  preheat  level,  once  oxide  powder  entrainment 
was  initiated.  This  decrease  varies  markedly  with  the  particular  oxide. 

The  lower  thermal  conductivity  and  more  extensive  deposition  of  the  alumina 
resulted  in  the  greater  test  specimen  temperature  decrease.  A  second .marked 
difference  was  noted  between  beryllia  and  alumina  impingement  on  both  graphite 
and  asbestos  phenolic.  Whereas  the  alumina  would  stick  and  continue  to 
build  up  on  either  substrate,  the  beryllia  would  only  partially  stick 
(graphite)  or  build  up  only  to  a  limited  thickness  (asbestos  phenolic). 
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The  alumina  Impingement  on  graphite  resulted  in  sticking  when  the  graphite 
surface  temperature  was  below  about  2000  C  (3600°F) .  Above  this  initial 
surface  temperature,  the  alumina  reflected  from  the  surface.  As  expected, 
the  net  heat  transfer  to  the  oxide  coated  graphite  was  not  adequate  to 
maintain  a  high  temperature  for  more  than  about  15  seconds.  Once  the 
alumina  started  to  stick,  the  graphite  surface  temperature  was  reduced 
due  to  the  thermal  imbalance  between  the  graphite  sample  radiation  losses 
(uncoated  surfaces)  and  the  conduction  through  the  Insulating  oxide  layer. 
The  surface  of  the  thick  deposits  melted,  permitting  considerable  overflow 
of  alumina. 

The  analysis  of  the  adhering  deposit  revealed  a  combination  of  alumina 
carbide  and  a  alumina  for  initial  sample  surface  temperatures  above  about 
1500°C  (2700OF).  Below  this  temperature,  reduced  amounts  of  Al^C^  were 
observed  and  the  alumina  shifted  toward  the  7  phase  as  the  temperature  was 
further  reduced.  Figure  24A  shows  the  typical  time  lapse  appearance  of  the 
specimen.  Frame  10  shows  another  view  of  a  test  to  more  clearly  indicate 
the  relative  position  of  the  arc  jet  gas  and  the  specimen.  It  should  be 
noted  that  as  the  alumina  is  building  up,  there  is  some  run  off  of  molten 
alumina  with  low  Al^C^  content  relative  to  the  underlying  material. 

In  contrast,  the  beryl lia  tended  to  stick  on  the  graphite  only  very 
slightly  (see  Figure  24b  The  analysis  of  the  deposit  revealed  nothing 
other  than  beryllia,  suggesting  that  the  adherence  in  this  experiment  was 
primarily  by  mechanical  means.  No  beryllium  carbide  was  found  as  a 
counterpart  to  the  aluminum  carbide.  The  surface  temperature  of  the 
graphite  did  not  drop  as  far  during  the  beryllia  impingement  and  appeared 
to  reach  a  near  stable  value  of  about  i'iOO^C  (4000°F)  when  the  beryllia 
buildup  stopped. 

For  impingement  on  asbestos  phenolic,  each  oxide  was  rejected  for  a  short 
time  corresponding  to  approximately  that  required  to  develop  a  stable 
char  layer.  Once  the  char  has  formed,  the  oxides  would  stick.  Typical 
sticking  sequences  are  shown  for  alumina  in  Figure  25  and  beryllia  in 
Figure  26.  In  both  cases,  a  similar  pattern  was  noted;  that  is,  the 
oxide  appeared  to  stick  predominately  in  the  magnesium  silicate  liquid. 
Whereas  the  beryllium  resulted  in  a  mixture  of  beryllia  and  magnesium 
silicate,  the  alumina  formed  magnesium  aluminate  and  magnesium  silicate 
over  the  general  range  of  compositions  and  mixtures.  Once  again,  the 
alumina  deposit  could  be  built  up  to  a  considerable  thickness  in  comparison 
with  the  beryllia  deposit. 

The  overall  results  of  the  testing  indicate  that  the  alumina  was  sticking, 
at  least  in  part,  as  a  result  of  chemical  bonding  with  new  aluminum 
compounds  formed.  This  chemical  combination  sticking  was  not  observed 
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FIGURE  24.  TIME  LAPSE  SEQUENCE  OF  OXIDE  IMPINGEMENT  ON  ATJ  GRAPHITE  - 
SURFACE  45  DEGREES  TO  STllEAM 
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FIGURE  25.  TIME  LAPSE  SEQUENCE  OF  ALUMINA  IMPINGEMENT  ON  ASBESTOS 

PHENOLIC  -  1.0  SECOND  BETWEEN  FRAMES  -  SURFACE  45  DEGREES 

C<T>nC>AW 
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FIGURE  26.  TIME  LAPSE  SEQUENCE  OF  BERYLLU  IMPINGEMENT  ON  ASBESTOS 

PHENOLIC  -  1.0  SECOND  BETWEEN  FRAMES  -  SURFACE  45  DEGREES 
TO  STREAM 
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with  beryllium.  The  general  behavior  of  the  beryllia  impac.ion  on  graphite 
appears  to  be  reasonable  in  light  of  the  experimental  results  presented  in 
Paragraph  3.2a  of  Reference  1.  That  is,  at  the  experimental  pressure  and 
at  temperatures  above  about  2200°C,  the  carbides  of  beryllium  are 
unstable.  Thus,  the  carbon  monoxide  gas  and  beryllium  vapor  produced  when 
the  impinging  liquid  beryllia  reacts  with  graphite  will  drive  the  particles 
off  the  surface.  Some  mechanical  sticking  undoubtedly  occurs,  leaving  a 
fused  deposit.  This  type  of  deposit  could  easily  be  removed  due  to  its 
inability  to  resist  the  subsequent  impact  stresses.  This  behavior  should 
not  be  characteristic  of  higher  pressure  conditions  where  the  beryllium 
carbide  may  persist  up  to  at  least  the  melting  poir'  of  BeO. 

For  the  present,  testing  has  been  d iscontinued  because  the  pressure  regime 
for  expected  beryllium  chemical  sticking  is  above  the  range  of  the  arc  jet. 
Further  arc  jet  tests  will  be  performed  only  if  the  motor  firing  data 
result  in  an  anomalous  behavior  which  appears  amenable  to  controlled 
experimentation  using  this  particular  type  of  testing. 

b.  (C)  Cold  Flow  Modeling 

To  aid  in  the  understanding  of  particle  impingemer.''  and  in  the  development 
of  a  physical  and  analytical  model  for  the  deposlcion  phenomena,  the 
behavior  of  condensed  phases  in  representative  rocket  motor  flow  fields 
has  been  examined  by  cold  flow  modeling.  The  results  of  the  modeling  study 
were  presented  in  Paragraph  3.3b  of  Reference  1.  Subsequently,  several 
rocket  motors  have  been  fired  and  the  deposition  results  have  been  compared 
with  the  modeling  results.  Also,  during  the  second  reporting  period,  the 
cold  flow  modeling  techniques  developed  in  this  program  have  been  applied 
in  another  contract  (NASA  Contract  No.  NAS  7-408).  The  results  obtained 
from  work  on  the  NASA  contract  provide  additional  understanding  of  the 
mechanisms  of  condensed  phase  behavior.  A  discussion  of  Che  applicability 
of  Che  cold  flow  test  results  to  the  rocket  motor  firings  and  selected 
results  from  the  NASA  contract  is  contained  in  Che  following  paragraphs. 

(1)  (C)  Application  of  Modeling  Results  to  Motor  Firings. 

The  motor  configuration  fired  during  the  period  consisted  of  remotely 
located  end  burning  grain  with  a  "conventional"  nozzle  contour  (Figure'  27). 
In  the  cold  flow  studies,  this  configuration  was  modeled  Co  establish  the 
magnitude  and  axial  profile  of  particle  impingement.  The  conditions  and 
parameters,  modeled  in  the  cold  flow.  Chat  affect  impingement  for  Che  end 
burner-conventional  nozzle  configuration  are  presented  in  Table  IX 
Also  presented  in  Table  IX  are  Che  conditions  and  parameters  that  were 
representative  of  tha  motor  firings. 
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TABLE  IX 

COLD  FLOW  MODELING  AND  ROCKET  MOTOR  IMPINGEMENT  PARAMETERS 
FOR  THE  END  BURNER-CONVENTIONAL  NOZZLE  CONTOUR 


Parameter 

Cold  Flow 
(Modeled  Rocket 
Motor  Parameter) 

Rocket  Motor 
(Beryllium  Propellant) 

Particle  Size  (microns) 

0-12 

1-  6 

Chamber  Area  Ratio 

30.2 

^360 

Chamber  Velocity  (ft/sec) 

72 

««  6 

Aft  Closure  Angle  (degrees) 

47 

50 

Chamber  Pressure  (psia) 

800 

700  to  1200 

Entrance  and  Aft  Closure 

Gas  Side  Surface  Condition 

Smooth 

Rough 

The  cold  flow  impingement  results  for  the  configuration  of  Table  IX 
are  presented  in  Figure  28.  (Figure  28  is  a  reproduction  of  the  0  to  4.8(i 
and  4.8  to  12  particle  impingement  data  presented  in  Figure  30  of 
Reference  1) ,  From  Figure  28,  it  can  be  seen  that  Impingement  occurs 
only  in  the  aft  closure  region  (47  degree  ’Inlet  section).  For  the 
beryllium  propellants  employed  in  this  program,  the  propellant  weight  was 
100  pounds  with  approximately  35  pounds  of  condensed  BeO  present  in  the 
combustion  products.  For  present  purposes,  it  is  assumed  that  all  the 
particles  which  impact  remain  at  the  corresponding  impingement  location 
(i.e.,  do  not  re-enter  the  boundary  layer  or  melt  and  flow  downstream).  With 
this  assumption,  the  deposition  thickness  at  the  end  of  firing  is  shown 
in  Figure  29  as  a  function  of  the  weight  percent  of  particles  in  the  0  to 
4.8fi  and  4.8  to  i2;i  size  range.  Figure  29  was  constructed  using  the 
impingement  magnitude  as  given  in  Figure  29. 

in  applying  the  impingement  profiles  of  Figure  28  and  the  deposition 
thickness  of  Figure  29,  the  following  parame':ers  must  be  considered: 

(1)  Effect  of  chamber  vjlocity  on  impingement. 

(2)  Effect  of  aft-closure  countour  length  on 
impingement  location. 

(3)  Effect  of  irregularities  in  contour  due  to 
deposit  buildup  on  impingement  magnitude  and 
location. 
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FIGURE  28.  EFFECT  OF  PARTICLE  SIZE  ON  WALL  IMPINGEMENT  FOR  CONVENTIONAL 
NOZZLE  CONTOUR 
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The  effect  of  chamber  velocity  on  impingement  is  two>fold.  That  is,  as 
shown  in  Paragraph  3,3b  of  Reference  1,  decreasing  chamber  velocity 
will  decrease  the  impingement  rate  and  increase  the  importance  of  the 
gravitational  effect.  In  Figures  55  and  60,  the  relative  importance 
of  gravity  on  the  deposition  phenomena  is  evident  (non-uniform  deposit 
in  circumferential  direction).  For  the  cold  flow  conventional  nozzle 
contour,  the  axial  surface  length  of  the  47  degree  aft  closure  is 
considerably  less  than  that  of  the  actual  rocket  motor.  Therefore,  the 
impingement  location  is  not  accurately  determined  from  Figure  28. 

Also,  as  shown  in  Figures  55  and  60,  the  post  test  condition  of  the 
deposit  is  of  the  droplet  or  bead  type.  As  reported  in  Reference  1  the 
effect  of  this  type  of  deposit  will  Increase  impingement  and,  as  a  result, 
the  deposition  rates. 

The  post  test  deposit  thickness  in  the  aft  closure  section  of  the 
beryllium  motors  was  measured  to  be  0.04  to  0.08  inch  on  the  top  and 
0.05  to  0.10  Inch  on  the  bottom  (horizontal  firing).  The  thickness  was 
nearly  uniform  in  the  axial  direction  oj.  the  aft  closure.  Using  these 
measurements  and  entering  Figure  29,  it  is  found  that  the  particles  in 
the  0  to  4.8  size  range  represent  75  to  92  percent  of  the  total  condensed 
BeO  weight.  However,  as  stated  above,  the  chamber  velocity,  gravitational 
force,  discontinuity  in  contour,  aft  closure  lengths,  mass  loss  via  flow 
to  and  through  the  nozzle,  and  total  mass  storage  of  impinged  particles 
during  firing  and  soak  must  be  considered  in  using  Figure  29.  Nevertheless, 
the  size  distribution  for  BeO  estimated  in  this  manner  appears  to  be 
reasonable  with  respect  to  the  exhaust  particle  sampling  results 
(Paragraph  3.4). 

From  Figure  28,  it  can  be  concluded  that  in  the  motor  firings  the 
impingement  rate  is  small  and  will  occur  initially  in  the  47  degree  aft 
closure  section.  From  Figures  38  and  44,  the  aft  closure  char  thickness 
is  shown  to  be  uniform  in  the  axial  direction.  Also,  from  post-test 
analysis,  no  measurable  surface  regression  was  experienced  during  firing. 
These  observations  suggest  that  the  initial  impingement  rate  was  at 
such  a  low  value  that  no  significant  increase  in  heating  or  mechanical 
erosion  due  to  Impingement  was  encountered.  However,  the  thermal  and 
erosion  protection  provided  to  the  char  by  the  deposit  may  obscure  any 
effects  of  higher  initial  impingement  heating.  Such  effects  were  observed 
in  the  plasma  studies  (Paragraph  3.3a). 

(2)  (U)  NASA  Contract  Modeling  Study 

Work  has  recently  been  completed  in  a  cold  flow  study  of  the  particle 
impingement  and  wall-gas  shear  gradients  for  the  156-2C  rocket  motor 
nozzle.  This  work  was  performed  under  Contract  NAS  7-408,  "Prediction  of 
Three  Million  Pound  Thrust  Nozzle  Insulation  Performance."  The  motor 
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being  studied  is  a  156  inch  diameter  solid  booster  with  a  six-pointed  star 
grain  and  an  unfilled  aft  closure.  It  is  interesting  to  compare  the  results 
of  this  work  with  the  beryllium  propellant  motor  cold  flow  work.  Also,  a 
number  of  improvements  in  technique  were  made  in  the  course  of  the  NASA 
work  v/hich  are  relevant  to  the  overall  cold  flow  capabilities  and  methods 
evaluation. 

In  the  NASA  study,  the  model  grains  were  designed  with  a  gradually  tapered 
upstream  entrance  to  the  grain  port  (Figure  30).  This  produced  a  more 
uniform  particle  distributed  across  the  grain  port.  Ahead  of  that,  a 
section  of  honeycomb  was  installed  to  reduce  turbulence  in  the  flow 
approaching  the  model.  Gas-wall  shear  patterns  were  developed  using  grease 
coatings  on  the  nozzle.  The  magnitude  of  local  gas-wall  shear  would  be 
inversely  proportional  to  thickness  of  the  remaining  grease  film  after  a 
test.  In  this  work,  only  the  polyethylene  particles  in  the  size  range 
of  3.3  to  6.6  were  counted  and  evaluated  for  particle  impingement  rate. 

Table  X  compares  the  test  conditions  and  impingement  results  of  one 
test  from  each  program.  The  particular  tests  have  two  features  in  common, 
namely,  grain  port  shape  and  grain  port  velocity.  Figures  31  and  32  show 
the  grain  shape  for  the  zero  and  20-second  burn  times  modeled,  looking 
upstream.  In  both  cases,  the  peak  impingement  on  the  nozzle  is  directly 
in  line  with  the  grain  star  valley,  indicating  a  zero  angle  of  dividing 
streamline  deflection.  The  grease  on  the  grain  models  is  a  consequence 
of  the  -ecirculation  flow  which  transported  it  from  the  nozzle  inlet 
surfaces , 

The  grease  smear  patterns  developed  on  the  NASA  nozzle  are  shown  in 
Figures  33  and  34  for  the  zero  and  20-second  burn  times,  respectively. 

These  data  will  be  very  useful  in  the  convective  heat  transfer  analysis 
since  they  show  (1)  precisely  where  the  boundary  layer  growth  begins, 
and  (2)  the  areas  of  high  and  low  shear  which  will  inevitably  be  the 
areas  of  high  and  low  heating  rate  and  high  and  low  ablation  rate.  The 
numbers  on  Figures  33  and  34  represent  the  peak  value  of  impingement  in 
lb/in.2/sec,  along  the  lines.  The  length  of  the  lines  represents  the 
contour  length  over  which  significant  impingement  occurred. 

Analysis  of  the  NASA  cold  flow  modeling  data  produced  a  number  of 
indications  about  the  nature  of  the  two-phase  flow  and  the  resulting  wall 
impingement  rates,  for  the  nozzle  studies,  as  follows: 

(1)  Particle  impingement  occurs  more  in  the  gas 
recirculation  regions  and  more  so  at  lower 
grain  port  velocities. 

(2)  The  equivalent  of  a  1.6-inch  layer  of 
alumina  hit  the  wall  every  second  at  the 
points  of  weak  impingement.  Another  way 
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FIGURE  30.  NASA  MODELING  STUDY  HARDWARE 


•  % 


FIGURE  34.  NASA  STUDY  -  GREASE  SHEAR  AND  STAraJATION  PATTERN 
20  SECOND  BURN  TIME 


TABLE  X 


PARTICLE  IMPINGEMENT  COMPARISON  OF  Be  AND  NASA 
NOZZLES  WITH  STAR  C5RA1N  PORT 


Parameter 

Be 

NASA 

Grain/ throat  Area  Ratio 

1.71 

1.70 

Model  Throat  Diameter,  inches 

2.0 

2.6 

Distance  alonp  Nozzle  Wall  from  Grain 
to  Throat,  inched 

2.3 

0.77 

P^,  psia 

65 

54  and  69 

Entrance  Wall  Angle  to  Axis 

47  degrees 

45  degrees 

Grain  Star  Points 

6 

6 

Mean  Angle  of  Dividing  Stream  Line 
Deflection 

0 

0 

Particles  on  Wall/Particles  on  Rod 
at  Maximum  Impingement  Point 

0-10  M 

2.0 

3.3  -  6.6^ 

0.5 

10-25/1 

0.55 
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of  describing  this  would  be  that  the  equiva¬ 
lent  of  five  complete  layers  of  13-micron 
particles  hit  the  wall  per  millisecond. 

Only  a  small  fraction  of  the  total  wall 
exposed  was  subjected  to  impingement  at 
any  moment. 

The  potential  heat  flux  from  impinged 
particles  is  of  the  same  order  of  magnitude 
as  Che  convective  heat  flux.  While  this 
potential  is  not  nearly  reached  (probably 
because  particles  bounce  off  the  wall  or 
off  each  other  without  coming  to  thermal 
equilibrium  with  the  wall),  it  is  a  large 
enough  factor  that  it  should  be  accounted 
for  in  any  complete  heat  flux  and  ablation 
analysis , 
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3.4  (C)  POST  TEST  ANALYSIS 

a.  (C)  Analysis  of  Motor  Hardware 

(1)  (C)  Current  Program  Hardware 

The  hardware  from  the  first  seven  tests  has  been  received  and  examined. 

The  general  procedure  followed  in  the  post  test  examination  is  given  in 
Paragraph  3.4c.  The  results  of  the  examination  are  given  separately  for 
each  motor  tested. 

(a)  (C)  Motor  Test  T-1 

Photographs  of  the  nozzle  entrance  and  nozzle  exit  sections  in  the  "as 
received"  condition  are  shown  in  Figures  35  and  36,  respectively.  A  cross 
section  of  the  nozzle  is  shown  in  Figure  37.  There  was  no  significant  loss 
of  material  or  excessive  erosion  experienced  in  this  test.  However,  two 
pyrolytic  graphite  washers  furthest  upstream  were  delaminated,  Fig:. re  38 
shows  a  cross  section  of  the  aft  closure.  This  shows  the  uniform  charring 
of  the  asbestos-phenolic  insulator,  and  there  were  no  areas  where  any 
grooving  or  excessive  melting  were  observed.  Figure  39  .shows  a  section  of 
the  asbestos-phenolic  entrance  insulation  where  the  expected  axial  variation 
in  char  thickness  can  be  seen. 

A  series  of  deposit  samples  was  taken  from  the  hardware  and  examined.  The 
results  are  given  in  Table  XI.  The  deposits  were  not  unusual  as  would 
be  expected.  The  aft  closure  was  thoroughly  coated  with  BeO.  There  was 
some  evidence  of  reaction  of  the  BeO  with  the  aft  closure  from  the  presence 
of  Be2C,  but  there  were  no  berylliura/silicon  compounds  found.  The  MgO  and 
Mg2Si04  compounds  are  decomposition  products  of  the  asbestos.  There  was 
some  aft  closure  material  transported  downstream  onto  the  ATJ  entrance  cone 
in  the  form  of  MgO  and  Mg2Si04.  These  compounds  may  have  been  transported 
either  through  melted  material  flow  or  vapor  phase  transport.  There  was 
essentially  no  BeO  o.i  the  pyrolytic  graphite  throat  washers.  The  deposits 
which  were  found  in  the  throat  area  were  fine  fluffy  powders  which  were 
identified  as  amorphous  carbon.  This  was  formed  from  the  pyrolysis  gases 
after  the  termination  of  the  test.  The  ATJ  exit  cone  was  fairly  well  coated 
with  BeO;  however,  there  was  not  any  Be2C  found. 

The  area  upstream  of  the  pyrolytic  graphite  throat  washers  was  examined. 

This  area  was  filled  with  RTV  rubber  for  a  spacer  to  allow  for  thermal  ex¬ 
pansion.  The  RTV  rubber  was  completely  charred  and  it  appeared  that  the 
char  was  hard  and  approximately  O.Oo  inch  thick.  There  was  some  BeO  pres¬ 
ent  in  the  spacer  gap  near  the  graphite  flame  front  surface,  indicating 
that  some  exhaust  gases  passed  through  the  gap. 
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FIGURE  35.  'ZLE  FROM  TEST  T-1  -  ENTRANCE  CONE  VIEW 
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FIGURE  36.  NOZZLE  F  OM  TEST  T-l  -  ''XIT  CONE  VIEW 
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FIGURE  37.  NOZZLE  FROM  TEST  T-1  -  CROSS  SECTIOl 
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FIGURE  38.  SECTION  OF  ASBESTOS -PHENOLIC  AFT  CLOSURE  FROM  TEST  T- 
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TABLE  XI 

MOTOR  TEST  T-1  DEPOSIT  ANALYSIS  (C) 

Sample  No  Location  Composition 


T-l-i 

Aft  closure,  near  chamber  insulation 

BeO 

70 

to 

o 

00 

5 

to 

10% 

MgO 

5 

to 

10% 

Mg2Si04  - 

5 

to 

10% 

Carbon 

5 

to 

10% 

T-1 -2 

Aft  closure,  x-mately  center 

BeO 

60 

to 

70% 

area 

Be2C  - 

5 

to 

10% 

MgO 

10 

to 

20% 

Mg2SiO^  - 

10 

to 

20% 

Carbon 

5 

to 

10% 

T-1-3 

ATJ  entrance  cone,  approximately 

BeO 

80 

to 

90% 

center  area 

Be2C 

2 

to 

5% 

MgO 

2 

to 

5% 

Mg2SiO^ 

5 

to 

10% 

T-1-4 

Throat  insert,  black  deposit  of 

Amorphous  carbon 

pyrolytic  graphite 

T-1-5 

ATJ  exit  cone  approximately  center 

BeO 

80 

to 

90% 

area 

Graphite  - 

10 

t  o 

20% 

T-1-6 

Between  ATJ  entrance  cone  at.a  firs- 
pyrolytic  graphite  washer,  spacer 

Be'' 

area,  front  half  near  throat 

Amorphous  c 

erbon 

T-1 -6 

Spacer  area,  back  tialf 

Amorphous  ' 

bon 

a  Si02  (cristobai ' te) 
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(b)  (C)  Motor  Test  T-2 

Photographs  of  the  "as  received"  nozzle  graphite  inlet  cone,  pyrolytic 
graphite  entrance  and  nozzle  exit  cone  are  shown  in  Figure  40,  41,  and 
42,  respectively.  A  nozzle  cross  section  is  shown  in  Figure  43.  There 
was  no  significant  loss  of  material  or  excessive  erosion  experienced  in 
this  test.  However,  the  three  pyrolytic  graphite  washers  furthest  upstream 
were  delaminated.  Figure  44  shows  a  cross  section  of  the  asbestos-phenolic 
aft  closui'e.  This  shows  uniform  charring  of  the  insulator,  and  there  were  no 
no  areas  where  grooving  or  excessive  melting  were  observed.  Figure  45 
shows  a  cross  section  of  the  asbestos-phenolic  entrance  cone.  This  shows 
the  expected  char  and  no  excessive  loss  of  material.  A  series  of  samples 
were  analyzed  from  deposits  on  the  hardware.  The  results  are  tabulated 
in  Table  XII. 


TABLE  XII.  MOTOR  TEST  T-2  lEPOSIT  ANALYSIS  (C) 


Sample  No. 


Location 


Composition 


T-2-1 

Aft  closure,  near  chamber  insulation 

BeO 

70 

to 

80% 

Be2C  - 

5 

to 

10% 

MgO 

5 

to 

10% 

Mg2Si04  - 

5 

to 

10% 

T-2-2 

Aft  closure,  at  center  area 

BeO 

70 

to 

80% 

MgO 

5 

to 

10% 

Mg2Si04  - 

10 

to 

20% 

Carbon 

5 

to 

10% 

T-2-3 

Residual  slag  from  chamber  - 

BeO,  BeoC 

typical  black  slag 

T-2-4 

Residual  slag  from  chamber. 

BeO,  BeoC 

metallic-] ooking  slag 

fa 

T-2-5 

Black  sooty  deposit  from  convergent 

Amorphous  carbon 

face  of  nozzle 

T-2-6 

ATJ  exit  cone,  approximately 

BeO 

60 

to 

70% 

center  area 

Mg2Si04  - 

30 

to 

40% 

Plus  carbon 
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NOZZLE  INSERT  FROM  TEST  T-2  -  ENTRANCE  SECTION  VIE’.; 
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FIGURE  41.  NOZZLE  FROM  TEST  T~?  -  EXIT  SECTION  VIEW 
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FIGURE  42.  NOZZLE  FROM  TEST  T-2  -  GRAPHITE  ENTRANCE  CONE 
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figure  43.  NOZZLE  FROM  TEST  T-2  -  CROSS  SECTION 


FIGIRE  44.  CROSS  SECTION  OP  /.SBESTOS -PHENOLIC  APT  CLOSURE  PROM  TEST  T-2 
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FIGURE  45.  CROSS  SECTION  OF  ASBESTOS -PHENOLIC  ENTRANCE  CONE  INSULATOR 
FROM  TEST  T-2 
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The  deposits  were  the  same  typical  materials  which  would  be  expected.  'Hiere 
was  a  relatively  high  percentage  of  material  from  the  aft  closure  Insulator 
found  on  the  graphite  exit  cone.  There  were  two  fairly  deep  grooves  in  the 
graphite  exit  cones;  one  groove  was  approximately  0.1  inch  wide  and  0.2  inch 
deep  and  the  other  groove  was  0.1  inch  deep  and  0.3  inch  wide.  There  was 
nothing  that  could  be  found  to  indicate  the  mechanism  which  caused  this 
grooving.  The  grooves  were  fairly  well  coated  with  BeO.  The  pyrolytic 
graphite  throat  washers  were  very  clean  with  the  only  deposit  being  a  fine, 
black,  sooty  material  from  the  decomposition  of  the  pyrolysis  gases  pro¬ 
duced  during  soak  back. 

(c)  (C)  Motor  Test  T-3 

Photographs  of  the  nozzle  entrance  cone,  pyrolytic  graphite  entrance,  and 
exit  cone  in  the  "as  received"  condition  are  shown  in  Figures  45,  47,  and 
48,  respectively.  A  nozzle  cross  section  is  shown  in  Figure  49.  There 
was  significant  throat  erosion  or  loss  of  material  experienced  in  this 
test.  A  view  of  the  aft  closure  insulation  is  shown  in  Figure  50.  A 
series  of  samples  from  deposits  on  the  hardware  was  analyzed.  The  results 
are  given  in  Table  XIIL  There  was  some  material  on  the  pyrolytic  graphite 
throat  washers.  This  material  was  mostly  from  the  asbectos,  about  60  per¬ 
cent,  and  the  remainder  was  BeO.  The  gi^aphite  exit  cone  had  a  thin  (approxi¬ 
mately  0.020  to  0.030  inch  thick)  even  coating  over  the  entire  surface. 

This  material  was  black  and  was  mostly  BeO.  Most  other  exit  cones  had 
somewhat  thlckei:,  more  irregular  deposits  which  were  usually  white. 

(d)  (C)  Motor  Test  T-4.  Photographs  of  the  nozzle  entrance  cone, 

pyrolytic  graphite  entrance,  and  exit  cone  are  shown  in  the  "as  received" 
condition  in  Figures  51  and  52  respectively.  A  nozzle  cross  section 
is  shown  in  Figure  53.  There  was  considerable  deposit  found  in  the  nozzle 
surfaces.  For  comparison,  a  view  of  the  nozzle  exit  cone  during  motor 
disassembly  is  shown  in  Figure  54.  Similarly,  the  asbestos-phenolic  aft 
closure  insulator  is  shown  in  Figure  55.  A  series  of  samples  from  the 
various  deposits  was  analyzed.  The  results  are  given  in  Table  XIV. 
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FIGURE  49.  NOZZLE  FROM  TEST  T-3  -  CROSS  SECTKMJ 
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FIGURE  50.  MOTOR  TEST  T~3  -  AFT  CLOSURE  INSULATOR 
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TABLE  XIII.  MOTOR  TEST  T-3  DEPOSIT  ANALYSIS  (C) 


Sample  No. 

Location 

Composition 

T-3-1 

Aft  closure  center  area 

BeO 

- 

70 

to 

80% 

Be2C 

- 

5 

to 

10% 

MgO 

- 

5 

to 

10% 

Mg2SiO^ 

- 

5 

to 

10% 

Graphite 

- 

5 

to 

10% 

T-3-2 

Asbestos-phenolic  entrance  cone 

BeO 

- 

80 

to 

90% 

center  area 

MgO 

- 

5 

to 

10% 

Mg2SiO^ 

- 

5 

to 

10% 

Graphite 

- 

5 

to 

10% 

T-3-3 

.  Graphite  entrance  cone  area 

BeO 

- 

65 

to 

75% 

near  spacer 

Mg2SiO^ 

- 

5 

to 

10% 

SiO^ 

- 

2 

to 

5% 

Graphite 

- 

15 

to 

O 

CM 

T-3-4 

Throat  area 

BeO 

- 

30 

to 

40% 

MgO 

- 

30 

to 

40% 

MgzSiO^ 

- 

20 

to 

30% 

T-3-5 

Graphite  exit  cone 

BeO 

- 

60 

to 

70% 

Mg2SiO^ 

- 

30 

to 

40% 

T-3-6 

Chamber  residue 

BeO,  carbon 
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FIGURE  52.  NOZZLE  FROM  TEST  T-4  -  EXIT  SECTION  VIEW 
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FIGURE  54.  NOZZLE  FROM  TEST  T-4  -  EXIT  SECTICM  VIEW 
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The  deposit  on  the  pyrolytic  graphite  throat  area  and  the  polycrystalline 
graphite  was  very  thick  (approximately  0.10  to  0.20  inch).  The  deposit 
was  continuous  and  was  removed  in  essentially  one  piece.  The  graphite 
underneath  the  deposit  was  not  appreciably  damaged  in  any  way.  The  un¬ 
damaged  pyrolytic  graphite  washers  were  examined  along  with  the  one  washer 
which  was  delaminated.  The  areas  between  the  individual  washers  were 
examined  and  found  to  be  fairly  clean.  There  were  only  some  small  traces 
of  amorphous  carbon;  no  beryllium  compounds  were  found. 

(e)  (C)  Motor  Test  T-5 

Test  No.  T-5  was  the  first  test  conducted  with  an  aluminized  propellant. 
Photographs  of  the  nozzle  entrance  cone,  pyrolytic  graphite  inlet  and 
graphite  exit  cone  was  shown  in  Figures  56,  37,  and  58,  respectively.  A 
cross  section  of  the  nozzle  is  shown  in  Figure  59.  Figure  60  shows  the 
asbestos-phenolic  aft  closure  as  received.  It  is  evident  that  there  was 
little  damage  to  this  section.  The  samples  from  the  various  areas  were 
analyzed  and  the  results  are  given  in  Table  XV. 

There  was  a  large  portion  of  the  residue  from  the  chamber  found  to  be 
aluminum  metal.  There  was  also  aluminum  metal  found  on  the  asbestos- 
phenolic  aft  closure  and  the  asbestos-phenolic  entrance  cone.  The  deposits 
on  the  aft  closure  were  a  mixture  of  the  various  forms  of  alumina.  The 
various  phases  (p.,  7,  'll)  are  formed  during  the  cooling  of  the  alumina  at 
different  rates..  The  exposed  graphite  surfaces  were  all  coated  with  de¬ 
posit  which  was  mostly  AI2O3.  There  were  no  aluminum-carbon  compounds 
found  in  the  deposits.  However,  some  of  these  compounds,  AI4C3  for  example, 
are  unstable  in  air  and  would  not  be  found  unless  examined  ioimediately 
after  the  test.  The  unknown  compound  found  on  the  aft  closure  appeared  to 
be  similar  to  a  Mg-Al-0  monoclinic  modification  of  the  spinel,  MgAl204. 

The  laboratory  studies  showed  similar  compounds  formed  in  the  plasma 
studies  of  AI2O3  on  asbestos-phenolic  substrates. 
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OZZLE  FROM  TEST  T-5  -  EXIT  SECTIO^  VIEW 
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FIGURE  S8.  NOZZLE  FROM  TEST  T-5  -  GRAPHITE  ENTRANCE  CONE 
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FIGURE  59.  NOZZLE  PROM  TEST  T-5  -  CROSS  SECTION 
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TABLE  XV  .  MOTOR  TEST  T-5  MIFOSIT  ANALYSIS 


Sample  No. 

Location 

Coim 

>osJ 

■tion 

T-5-1 

Chamber  residue 

A1 

- 

75  to 

85% 

Al^OC 

- 

10  to 

20% 

a  AI2O3 

- 

5  to 

10% 

T-5-2 

Aft  closure  center  area 

7  AI2O3 

- 

35  to 

45% 

■n  Al^O^ 

- 

25  to 

35% 

a  AI2O3 

- 

5  to 

10% 

A1 

- 

2  to 

5% 

Unknown 

- 

10  to 

20% 

T-5-3 

Aft  closure,  at  asbestos-phenolic 

a  Al.O 

. 

25  to 

35% 

entrance  cone 

’ 

7  AI3O3 

- 

40  tc 

50% 

A1 

- 

5  to 

10% 

- 

15  to 

20% 

T-5-4 

Asbestos-phenolic  entrance  cone 

a  AI2O3 

- 

10  to 

15% 

7AI2O3 

- 

60  to 

70% 

A1 

- 

5  to 

10% 

MgzSiO^ 

- 

10  to 

15% 

T-5-0 

Graphite  entrance  cone 

a  AI2O3 

- 

95%  + 

7  AI2O3 

- 

5% 

T-5-6 

Graphite  exit  cone 

a  AI2O3 

- 

100% 

T-5-7 

Throat  area 

a  AI2O3 

•  • 

100% 
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(f)  (C)  Motor  Test  T-6 

Photographs  of  the  T-6  nozzle  entrance  cone,  pyrolytic  graphite  inlet,  and 
graphite  exit  cone  are  shown  in  Figures  61,  62  and  63,  respectively.  A 
nozzle  cross  section  is  shown  in  Figure  64,  and  a  view  of  the  aft  closure 
is  shown  in  Figure  63.  The  samples  obtained  from  the  various  deposits 
were  analyzed.  The  results  are  given  in  Table  XVL  The  deposits  found  on 
the  exposed  surfaces  were  typical  of  material  normally  found  in  these 
areas.  The  Mg2C^  found  on  the  aft  closure  is  a  product  of  the  decomposition 
of  the  asbestos.  The  a  SIO2  (cristobalite) ,  found  on  the  graphite  entrance 
cone,  is  a  decomposition  product  of  the  RTV  rubber  used  for  the  spacer. 

The  pyrolytic  graphite  throat  washerr.  were  covered  with  a  fairly  even  coat 
of  deposit,  a  AI2O3  and  7  AI2O3.  There  was  no  evidence  of  any  aluminum 
compounds  in  between  the  individual  pyrolytic  graphite  washers. 


TABLE  XVI.  MOTOR  TEST  T-6  DEPOSIT  ANALYSIS 


Sample  No. 

Location 

Composicion 

/ 

T-6-1 

Aft  closure  center  area,  surface 

a  A1,0, 

. 

5 

to 

10% 

deposit  only 

L  J 

70 

0 

00 

7  AI2O3 

- 

to 

Mg2C3 

- 

5 

to 

10% 

, 

Mg2Si04 

- 

5 

to 

10% 

T-6-2 

Aft  closure  center  area,  material 

A1 

. 

75 

to 

85% 

removed  to  bottom  of  char 

a  AI2O3 

- 

5 

to 

10% 

7  AljOj 

- 

2 

to 

5% 

Mg^SiO^ 

- 

5 

to 

10% 

T-6-3 

Graphite  entrance  cone  near 

Graphite 

- 

10 

to 

15% 

spacer  area 

a  Sin^ 

- 

10 

to 

15% 

a  AI2O3 

- 

40 

to 

50% 

7  AI2O3 

- 

35 

to 

45% 

T-6-4 

Throat  area 

a  AI2O3 

- 

55 

to 

65% 

y  AI2O3 

- 

35 

to 

45% 

T-6-5 

Graphite  exit  cone,  center  area 

aAl203 

- 

20 

to 

30% 

y  AI2O3 

- 

50 

to 

O' 

0 

”®2^3 

- 

20 

to 

30% 
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FIGURE  65.  MOTOR  TEST  T-6  -  AFT  CLOSURE  INSULATOR 
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(g)  (C)  Motor  Test  T-7 

Photographs  of  the  T-7  nozzle  entrance  cone,  pyrolytic  graphite  inlet 
and  graphite  exit  cone  are  shown  in  Figures  66  ,  67  and  68  ,  :^spec- 

tively.  A  cross  section  of  the  nozzle  is  shewn  in  Figure  69  and  a  view 
of  the  aft  closure  insulator  is  shown  in  Figure  70.  Samples  from 
deposits  taken  from  various  areas  on  the  hardware  were  analyzed.  The 
results  are  given  in  Table  XVII. 

TABLE  XVII.  MOTOR  TEST  T-7  DEPOSIT  ANALYSIS 


Sample  No. 

Location 

Composition 

T-7-1 

Aft  Closure,  center  area 

“AI2O3  - 

25  to 

35% 

7AI2O2 

40  to 

50% 

A1 

5  to 

1(% 

Mg2S10^  - 

15  to 

20% 

T-7-2 

Graphite  entrance  cone 

“AI2O3  ’ 

40  to 

50% 

7AI2O3  - 

20  to 

30% 

Mg^SiO^  - 

20  to 

30% 

T-7-3 

'^■'■oat  area,  light  grey 
- i.akes 

Amorphous 

carbon 

95+ 

unknown  2  to  57d 

T-7-4 

Throat  area,  purple 
deposit 

Amorphous 

carbon 

T-7-5 

Graphite  exit  cone 

aAi^O^ 

100% 

The  flame  front  throat  area  was  fairly  clean  and  devoid  of  any  deposits. 
However,  there  appeared  to  be  a  grey  coating  on  the  surface  with  some 
purple  area.  These  coatings  were  found  tc  be  amorphous  carbon,  the 
product  of  pyrolyzing  gases  at  the  termination  of  the  test .  The  graphite 
exit  cone  was  coated  with  AI2O  .  The  deposits  on  the  aft  closure 
were  alumina  and  decomposition  products  of  the  asbestos-phenolic. 

(2)  (C)  Hardware  From  Other  Programs 

Two  nozzles  were  obtained  from  AFRPT  for  post-test  analysis.  These 
nozzles  were  designed  and  tested  by  AFRPL  and  utilized  existing  Minute 
Man  II  haruware.  Both  nozzles  were  of  the  same  configuration  and  utilized 
pyrolytic  graphite  in  the  throat  area.  The  nozzles  were  designed  to  be 
flight-weight  hardware.  One  nozzle  was  tested  with  an  existing  Minute 
Man  II  aluminized  propellant,  and  the  other  nozzle  was  tested  with  a 
beryllium  analog  of  the  aluminized  propellant. 
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FIGURE  67.  NOZZLE  FROM  TEST  T-7  -  EXIT  CONE  VILW 
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FIGURE  69.  NOZZLE  FROM  TEST  ?  7  -  CROSS  SECTION 
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The  nozzle  from  the  aluminized  propellant  test  is  shown  In  the  "as- 
received"  condition  in  Figures  71  and  72.  The  nozzle  was  in  very 
good  condition.  Throat  erosion  was  minimal,  approximately  0.001  to  0.003 
on  a  6.250  inch  diameter.  There  was  no  evidence  of  gouging  or  excessive 
loss  of  material  in  the  throat  area .  The  graphite  approach  ring  was 
completely  gone,  being  lost  during  the  test.  This  was  a  large  graphite 
piece  which  apparently  broke  up  and  was  not  recovered.  The  graphite 
entrance  cone  was  somewhat  eroded  but  In  fairly  good  shape.  The  graphite 
exit  cone  was  In  very  good  condlctlon.  A  series  of  samples  from  deposits 
on  the  nozzle  was  analyzed.  The  results  are  given  In  Tabie  XVIII. 


TABLE  XVIII.  AFRPL  MINUTEMAN  (A)  NOZZLE  DEPOSIT  ANALYSIS 
Sample  No.  Location.  Composition 


MMII 

■  A1  -  1 

Graphite  entrance  cone 

A1  0 

- 

30  to 

40% 

near  center  area 

Graphite 

- 

60  to 

70% 

MMII 

-  A1  -  2 

Graphite  entrance  cone 

A1  0 

- 

60  to 

7C% 

near  pyrolytic  graphite 

washers 

Graphite 

- 

30  to  407. 

MMII 

-  A1  -  3 

Pyrolytic  graphite 

A1  0 

90f 

washer  throat  surface 

MMII 

-  A1  -  4 

Between  pyrolytic  graphite 

20% 

washers  2  &  3  near  throat 

surface 

Carbon 

80% 

MMII 

-  A1  -  5 

Be .ween  pyrolytic  graphite 

Amorphous 

washers  2  &  3  near  backside 

Carbon 

MMII 

-  A1  -  6 

Graphite  exit  cone 

Ai203 

- 

70  to 

80% 

Graphite 

- 

20  to 

30% 

MMII 

-  A1  -  7 

Insulator  behind  pyrolytic 

Pyrolytic  graphite 

graphite  washers 


There  did  not  appear  to  be  any  gas  flow  between  or  behind  the  pyrolytic 
graphite  washers.  Figure  72  shows  the  extensive  loss  of  graphite 
upstream  of  the  pyrolytic  graphite  washers.  The  pyrolytic  graphite  tape 
w.\lch  was  used  as  an  insulator  behind  the  pyrolytic  graphite  washers 
was  deformed  so  that  it  filled  all  available  space.  This  might  be 
expect'^d  since  the  pyrolytic  graphite  tape  is  a  very  soft,  pliable 
material.  By  deforming  in  this  manner,  it  would  allow  the  entire  back 
side  of  the  washers  to  be  uniformly  insulated  with  little  or  no 
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opportunity  for  hot  spots  to  be  established.  The  pyrolytic  graphite  tape 
also  filled  all  possible  channels  for  gas  flow. 

There  were  a  alumina  deposits  found  on  all  the  flame  front  surfaces 
(graphite  entrance  cone,  pyrolytic  graphite  washers,  graphite  exit  cone). 
However,  those  deposits  were  all  fairly  thin  (less  than  0.020  Inch)  and 
somewhat  Irregular  (coating  was  not  continuous  on  any  surface). 

The  Individual  pyrolytic  graphite  washers  were  examined  and  found  to  be 
In  very  good  condition  with  no  laminations.  spacing  was  measured 
near  the  flame  front  and  found  to  be  6.842  A.  Tnls  value  Is  In  the 
same  ~ange  as  for  normal  as-deposited  pyrolytic  graphite.  This  Indicates 
that  the  upper  limit  of  tiimperatura ,  to  which  the  pyrolytic  graphite 
was  exposed  (where  the  measurement  was  made,  approximately  0.1  Inch  behind 
the  flame  front),  was  4500°  F. 

The  nozzle  Inlet,  from  the  test  using  the  beryllium  propellant  Is  shown 
In  Figure  73  and  a  nozzle  cross  section  Is  shown  In  Figure  74  .  The 
nozzle  was  of  the  same  configuration  as  the  nozzle  used  In  the  aluminized 
propellant  test.  The  condition  of  the  beryllium  nozzle  was  equally  good. 
There  was  essentially  no  change  In  the  throat  diameter  (6.25  inches). 

The  graphite  approach  ring  was  also  lost  during  the  test.  However,  the 
graphite  throat  entrance  cone  was  not  appreciably  degraded  during  the 
test.  A  series  of  samples  were  analyzed  from  deposits  on  the  nozzle. 

The  results  are  summarized  In  Table  XIX. 

The  deposits  analyzed  did  not  show  any  unexpected  results.  In  general, 
most  of  the  deposits  were  BeO  and  graphite.  A  deposit  found  between 
pyrolytic  graphite  washers  4  and  5  was  found  to  be  Be_C.  This  must  have 
been  the  reaction  product  of  BeO,  which  ran  between  the  washers,  and 
the  graphite.  This  nozzle  also  showed  the  pyrolytic  graphite  tape  to  be 
deformed  so  that  It  completely  filled  all  of  the  cracks  or  depressions. 
Figure  74  shows  how  the  pyrolytic  graphite  tape  completely  covers 
the  back  side  of  the  pyrolytic  graphite  washers.  There  was  no  evidence 
of  gas  flow  on  the  back  side  of  the  washers  even  though  there  was 
beryllium  carbide  found  between  the  washers.  The  deposit  taken  from  the 
spacer  area  was  found  to  be  silica  and  Iron  compounds.  This  would  result 
from  a  filler  of  a  silicone  rubber  filled  with  Iron  oxide  which  is 
commonly  used.  There  were  no  beryllium  compounds  found  in  the  spacer  area. 

The  Cq  spacing  was  measured  on  the  pyrolytic  graphite  throat  washers  at 
a  point  approximately  0.1  inch  behind  the  flame  front  and  found  to  be 
6.840  A.  This  value  is  very  close  to  the  spacing  of  normal  as- 
deposited  pyrolytic  graphite. 
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TABLE  XIX.  AFRPL  MINUTEMAN  (Be)  NOZZLE  DEPOSIT  ANALYSIS 


Sample  No, 
MMII  Be-1 

MMII  Be-2 

MMII  Be -3 

MMII  Be-4 

MMII  Be-5 

MMII  Be-6 

MMII  Be- 7 

MMII  Be-8 

MMII  Be-9 

MMII  Be-10 


Location 

Graphite  throat  entrance 
cone  at  leading  edge  of 
flame  front 

Graphite  throat  entrance 
cone  at  trailing  edge  of 
flame  front. 

Pyrolytic  graphite  washers 
In  throat 

Graphite  throat  entrance 
cone,  at  most  upstream 
edge 

Graphite  throat  exit  cone, 
off  flame  front  center 
area 

Graphite  throat,  exit  cone, 
edge  near  pyrolytic  graphite 
washers 

Pyrolytic  graphite  throat 
area  near  graphite  throat 
exit  cone 

Graphite  throat  exit  cone  at 
trailing  edge 

Between  pyrolytic  graphite 
throat  insert  washer 
number  4  &  5 

Deposit  from  spacer  area 


Composition 


BeO 

graphite 

60  to  70% 

30  to  407. 

BeO 

graphite 

15  to  207. 
75  to  807. 

BeO 

phyrolytlc 

graphite 

BeO 

85  to  907. 

10  to  157. 

507. 

graphite 

507. 

BeO 

70  to  757. 

graphite 

25  to  30% 

BeO 

85  to  957. 

graphite 

10  to  15% 

BeO 

1007. 

BeO 

85  to  957. 

graphite 

5  to  197. 

Pyrolytic 

graphite 

65  to  957. 

Be^C 

5  to  10% 

eg  3  63  4 

(crlstoballte) 
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b.  (C)  Analysis  of  Condensed  Phase  Deposits 
(1)  (C)  Current  Program  Samples 

(a^  (C)  Beryllium  Propellants 

The  exhaust  plume J  of  Tests  T-1  through  T-7  were  sampled  for  the 
condensed  phases  present.  The  sampling  techniques  are  discussed  In 
Section  IV.  The  samples,  which  were  collected  in  Motor  Tests  T-1,  T-2, 
T-3  and  T-4  have  been  examined,  analyzed,  and  the  results  are  reported 
herein.  These  tests  featured  the  four  beryllium  metal  containing  pro¬ 
pellant  formulations  and,  presumably,  complete  combustion. 

The  results  showed  that  the  condensed  phases  In  the  exhaust  plume  were 
very  similar  to  the  particles  which  were  collected  on  a  similar  test, 
the  results  of  which  were  reported  In  Paragraph  3.4  of  Reference  1. 

X-ray  diffraction  analysis  showed  all  deposits  to  be  a  beryllla.  This 
would  be  expected  from  examination  of  equilibrium  burning  calculations 
which  show  that  all  other  phases  which  might  be  present  would  be  In 
quantities  too  small  to  detect  by  x-ray  diffraction  analysis. 

The  particles  were  examined  by  electron  microscopy.  Typical  examples 
of  the  particles  are  shown  In  Figures  75  through  84,  The  particles 
appeared  to  fall  Into  two  general  size  classifications:  1  to  3  microns 
and  0.01  to  0.2  micion.  The  larger  particles  were  generally  regular 
In  shape,  either  the  regular  hexagonal  crystal  habit  of  a  beryllla  or 
spheres.  However,  some  of  the  large  particles  definitely  exhibit 
irregular  shapes .  Figure  75  shows  some  of  the  larger  particles  which 
have  spherical  and  hexagonal  shapes.  Figure  77  shows  an  agglomeration 
of  spherical  particles.  This  agglomeration  of  particles  was  typical 
and  was  found  most  of  the  time. 

The  smaller  particles  were  normally  of  the  crystalline  shapes  with  a 
smaller  number  being  spherical.  Figures  78  ,  79,  and  80  show  typical 

examples  of  the  small  particles.  Figui'e  80  also  shows  a  large  sphere 
and  a  large  hexagonal  crystal. 

Electron  diffraction  patterns  were  taken  of  many  of  the  larger  particles 
and  all  were  found  to  be  a  beryllla.  Clusters  of  fine  particles  were 
also  examined  and  found  to  be  ft  beryllla.  However,  these  particles 
were  generally  mwlted  by  absorption  of  the  beam  energy  and  refused  Into 
different  structures  upon  cooling.  This  may  nave  masked  any  other 
crystal  structure  which  was  present  (^beryllla,  for  example). 

Samples  taken  off  the  various  parts  of  the  particle  collector  (described 
In  Section  IV)  did  not  show  any  one  method  to  be  significantly  more 
efficient  than  the  others  In  terms  of  the  quantity  of  material  collected. 
No  method  appeared  to  give  unique  results  in  terms  of  the  particle  size 
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75.  ELECTRON  PHOTOIICROGRAPH  OF  PARTICLES  ON  GLASS  SLIDE  I 

PARTICLE  COLLECTOR-MOTOR  TEST  T-4 
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FIGURE  77.  ELECTRON  MICROPHOTOGRAPH  OF  PARTICLES  m  GLASS  SLIDE 
MOTOl  TEST  T-1 
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FIGURE  79.  ELECTRON  MICROPHOTOGRAPH  OF  PARTICLES  ON  BRASS  PUTE 
PARTICLE  COLLECTC»-MOTOR  TEST  T-4 


FIGURE  SC.  ELECTRON  MICROPHOTOGRAFH  OF  PARTICLES  ON  COPPER  SLIDE 
PARTICLE  COLLECTOR-MOTOR  TEST  T-2 
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FIGURE  83.  ELECTRON  MICROPHOTOGRAPH  OF  PARTICLES  CW  GLASS  SLIDE 
MOTOR  TEST  T-2 


FIGURE  84,  E1.ECTROIJ  MICROPHOTOGRAPH  OF  PARTICLES  OK  GLASS  SLIDE- 
MOTOR  TEST  T-2 
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range  or  distribution.  Figure  81  shows  the  particles  collected  In  the 
glass  tube  during  Motor  Test  T-2.  The  method  of  removing  the  particles 
from  the  tube  and  preparing  them  for  examination  la  responsible  for  the 
apparent  lack  of  the  small  particles.  Figure  76  shows  particles 
collected  from  the  glass  tube  during  Motor  Test  T-3.  The  method  of 
preparing  the  sample,  In  this  case,  did  not  mask  a  particular  particle 
size.  Figure  78  shows  particles  collected  on  the  brass  plate  during 
Motor  Test  T*3 .  Those  particles  are  similar  to  the  others. 

The  serendipitous  examination  of  one  particular  series  of  particles  may 
have  led  to  the  finding  of  a  different  phase.  Water  was  ussd  to  remove 
the  nitrocellulose  film  from  the  glass  slide.  Normally  amyl  acetate 
Is  used  to  remove  the  film.  Figures  83  and  84  are  electron  mlcio- 
photographs  of  the  particles.  The  particles  are  typical  In  size  and 
shape.  However,  the  cubic  phase  which  is  "present"  was  not  so  obvious 
before.  This  phase  has  apparently  been  reiooved  and  what  appears  In  the 
photograph  Is  the  Impression  of  the  original  particle  In  the  l^yer  of 
carbon  which  was  used  to  cover  the  slide.  The  use  of  water  to  remove 
the  nitrocellulose  film  may  have  dissolved  one  phase.  This  could  happen 
If  the  phase  such  as  a  chloride,  was  soluble  In  water. 

Figure  84  shows  an  area  where  two  particles  were  removed  and  the  smaller 
particles  which  were  In  direct  contact,  at  the  edges  and  underneath, 
were  not  removed.  This  would  tend  to  indicate  that  the  particle  was 
dissolved.  The  other  explanation  for  the  removal  of  the  particle  Is 
that  water  has  a  much  higher  surface  tension  than  amyl  acetate,  and  it 
could  more  readily  remove  the  particles.  If  this  were  the  case,  the 
particles  which  were  in  close  proximity,  as  the  particles  in  Figure  84  , 

would  also  be  removed.  This  was  the  only  time  that  particles  of  this 
type  were  found.  Additional  work  will  be  done  to  confirm  the  existence 
of  this  phase. 

While  It  would  be  highly  deslreable  to  discover  whether  or  not  the 
smallest  beryllla  particles  are  of  the  ^  structure,  this  has  not  been 
possible  with  the  standard  techniques  In  use.  Also,  an  attempt  has  not 
been  made  to  determine  the  approximate  size  distribution  of  the  samples. 
Such  an  effort  may  eventually  be  undertaken,  once  the  samples  from  the 
Internal  burning  gram  tests  have  been  examined.  Additional  photographs 
of  the  particle  samples  have  been  taken  and  would  be  used  for  counting. 

(b)  (C)  Alumimum  Propellants 

The  particles  collected  from  Motor  Tests  T-5,  T-6  and  T-7  (which  utilized 
aluminized  propellants)  are  shown  in  Figures  85  through  89  .  These 

particles  were  collected  with  the  modified  particle  collector  which  Is 
discussed  In  Section  IV.  This  particle  collector  used  6  glass  vials  In  a 
vertical  position  where  Vial  No.l  was  in  the  center  of  the  plume  and 
Vial  No.  6  was  24  Inches  above  the  center  of  the  plume.  The  remaining 
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FIGURE  86.  PHOTOMICROGRAPH  OF  ALUMINA  PARTICLES  COLLECTED  IN  VIAL  NO.  3 
FROM  MOTOR  TEST  T-5 
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PARTICLES  COLLECTED  IN  VIAL  NO.  5 
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FIGURE  88.  PHOTOMICROGRAPH  OF  ALUMINA  PARTICLES  COLLECTED  IN  VIAL  NO.  3 
FROM  MOTOR  TEST  T-6 
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FIGURE  89.  PHOTOMICROGRAPH  OF  ALUMINA  PARTICLES  COLLECTED  IN  VIAL  NO.  3 
FROM  MOTOR  TEST  T-7 
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vials  were  inteimedlately  located  in  numerial  order.  The  particles  were 
removed  from  the  vials  with  a  slurry  of  0.5  percent  polyvinyl  fomal  in 
ethylene  dichloride  and  then  spread  on  glass  slides.  These  slides  were 
examined  by  optical  mlcroscopsy. 

The  particles  were  the  typical  spherical  particles  which  are  normally 
found  in  aluminized  propellant  exhausts.  The  particle  size  ranged  from 
approximately  0.5  to  20  microns.  The  very  small  particles  were  not 
observable  with  the  optical  microscope  but  the  number  appeared  to  be  small. 
There  appeared  to  be  continuous  size  variation  with  no  size  range  having 
a  larger  number  of  particles.  However,  the  mean  mass  particle  diameter 
was  estimated  to  be  about  7  to  8  microns.  There  were  very  few  large 
particles.  While  this  observation  may  be  related  to  the  original 
aluminum  metal  particle  size  distribution,  there  are  other  plausible 
explanations  involving  the  sampling  and  examination  techniques. 

The  position  of  the  vial  in  the  exhaust  plume  did  not  result  in  collection 
of  different  sized  or  shaped  particles.  Figures  85  ,  .86  and  87 

show  the  particles  collected  in  Vials  No's  1,  3  and  5  from  Motor  Test  T-5. 
There  is  no  obvious  difference  in  the  size,  shape,  or  size  distribution  of 
the  particles.  The  particles  collected  during  Motor  Test  T>6  and  T-7  did 
not  ^'ive  any  different  results.  Figure  88  shows  particles  from  Vial 
No. 3  during  Motor  Test  T-S  and  Figure  S9  shows  the  particles  collected 
from  Vial  No.  3  during  Motor  Test  T-7.  These  particles  were  essentially 
identical. 


(2)  (C)  Samples  From  Other  Programs 

Limited  work  has  been  done  on  ^  beryllla  in  this  quarter.  Material 
which  was  prepared  in  the  laboratory  (see  Reference  1,  pages  117  through 
120)  was  examined  by  electron  microscopy.  X-ray  diffraction  examination 
of  this  material  showed  it  to  contain  95  percent  P  beryllla  and  5  percent 
graphite.  Electron  microphotographs  of  the  powder  are  shown  in  Figures 
90  ,  91  and  92  .  All  of  the  particles  appear  to  be  crystal¬ 

line  and  have  a  wide  particle  size  range.  The  particle  size  is  small, 
0.01  to  0.5  micron,  and  in  the  same  range  as  the  particles  collected  from 
the  motor  test  firings.  These  particles  appear  to  have  random  size  in 
the  range,  unlike  the  particles  from  the  motor  test  firings  which  had 
very  few  particles  in  the  0.1  to  1.0  micron  range. 

(c)  (U)  Motor  Hardware  Analysis  Procedure 

In  an  effort  to  fully  examine  all  hardware  received  and  report  all  infor¬ 
mation,  the  following  procedure  has  been  established  and  is  followed  in 
the  examination  of  all  hardware. 

(1)  All  hardware  is  delivered  in  closed  plastic  bags 
in  closed  shipping  containers. 
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(2)  The  hardware  Is  delivered  Co  a  controlled  area  where 
it  is  unpacked  and  sprayed  with  clea '  Krylon. 

(3)  All  hardware  Is  disassembled  and  photographed  at  this 
point.  Disassembly  may  consist  of  removal  of  nozzle, 
entrance  cone,  and  exit  cone  from  steel  housing, 
separation  of  aft  closure  Insulator  from  chamber 
Insulation,  etc.  Particular  areas  which  are  photo¬ 
graphed  are  aft  closure  Insulator,  nozzle  from  Che 
convergent  side  and  nozzle  from  the  divergent  side. 

Any  unusual  areas  are  also  photographed. 

(4)  Samples  of  any  deposits  are  taken  for  analysis  by 
X-ray  diffraction.  X-ray  spectroscopy  or  electron 
micro-photography.  Normal  areas  where  deposits  are 
removed  are  aft  closure  Insulator,  entrance  cap, 
throat  area,  and  exit  cone. 

(5)  All  vital  dimensions  will  be  remeasured. 

(6)  Specific  sections  of  various  conq>onents  wli.1  be 
examined  and  certain  measurements  will  be  taken 
on  specific  materials.  These  Include: 

(a)  Ablating  Insulators 

•  Ablating  insulators  are  cut  in  half  and 
photographs'’ . 

•  The  char  depth  is  measured. 

•  The  char  layer  is  examined  for  beryllium 
or  aluminum  compounds. 

(b)  Polycrystalline  Graphite 

•  All  polycrystalline  graphite  exposed  to  the 
flame  Is  cut  in  half  and  examined.  Any 
erosion  is  determined. 

•  Any  areas  of  excessive  loss  of  material  are 
examined  for  reaction  with  propellant  gases 
(Be  or  Al  compounds)  and  mlcrostruccure . 

(c)  Pyrolytic  graphite 

t  All  unusual  areas  are  examined.  These  include 
delamlnatlon,  deformation,  grooves,  etc.  C 
spacings  are  measured  where  the  Information  might 
be  pertinent. 
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•  Deposits  between  individual  washers  are 
analyzed. 

•  Insert  sections  are  halved,  photographed,  and 
the  contour  checked. 

(d)  Dense  Tungsten 

c  Inserts  are  cut  in  half,  photographed,  and 
the  contour  checked. 

•  Cut  surfaces  ave  prepared  for  metallographic 
examination.  Particular  items  or  areas  which 
are  examined  are  grain  size,  grain  boundries, 
and  -nelted  areas. 

•  Wh  1  particularly  interesting  areas  are  found, 
they  are  subjected  to  examination  with  the 
electron  rnicroprobe.  This  equipment  permits 
the  detection  of  elements  with  atomic  numbers 
as  low  as  5  (boron) . 

(e)  Infiltrated  Tungsten 

•  Inserts  are  cut  in  half  and  photographed. 

•  The  amount  of  infiltrant  lost  is  detcmined. 

•  Any  areas  of  reinfiltration  hy  A1  compounds 
or  by  Be  compounds  are  noted, 

•  Reaction  between  the  exhaust  products  and  the 
tungsten  or  infiltrant  is  noted. 

•  Examination  is  made  for  the  loss  of  infiltrant 
from  the  back  side,  upstream  or  downstream  ends 
and  any  reaction  those  areas  with  the  back¬ 
up  material. 

In  all  cases  where  it  is  possible  to  cut  the  nozzle  in  half  with  the 
upstream,  downstream,  and  throat  insert  intact,  this  is  done  to  allow 
a  move  complete  picture  for  contour  comparison.  The  procedure  may  be 
considered  somewhat  complicated  and  extensive,  but  it  is  felt  that  com¬ 
plete  analysis  of  all  hardware  i>  iseful.  The  procedure  is  also  somewhat 
flexible  and  can  be  modified  whenever  interesting  or  unusual  areas  are 
discovered . 
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3.5  (C)  CONCU1.SIONS,  RECOMMENDATIONS,  AND  FJJTURE  WORK 
a.  (C)  Conclusions 

Preliminary  conclusions  have  been  formulated  based  on  the  results  of  the 
labora.ory  studies  conducted  to  date.  These  are  presented  below  for  each 
subtask.  Caution  should  be  exercised  in  generalizing  or  extending  these 
conclusions  out  of  the  intended  context.  Conclusions  which  were  presented 
in  paragraph  3.5  of  Reference  1  are  not  repeated. 

(1)  (C)  Condensed  Phase  Reaction  Studies 

The  most  Interesting  condensed  phase  interaction  examined  is  the  alloying 
of  beryllium  with  tungsten.  The  formation  of  WBe,2  (melting  point  near 
2300  F)  and  WBe2  (melting  point  about  3000°F)  is  similar  to  the 
molybdenum-beryniuiij  and  tungsten-carbon  systems.  It  is  concluded  that 
the  exposure  of  tungsten  insert  surfaces  to  unburned  bervllium  metal  could 
lead  to  the  catastrophic  failure  of  the  Insert.  Oxidarl.'n  of  the  berylliuip 
at  the  tungsten  surface  and  carbide  formation,  due  to  gaseous  hydro-carbon 
decomposition  at  the  tungsten  surface,  are  probable  contributing  failure 
mechanisms . 

The  refractoiy  beryllium  compounds  (carbide,  oxide  and  nitride)  are  not 
directly  involved  in  the  degradation  of  tungsten  inserts.  (The  role  of 
beryllium  hydroxide  gas  has  not  been  experimentally  examined.) 

At  rocket  pressures,  beryllia  and  alumina  will  wet  graphite  and  tungsten 
as  a  result  of  the  formation  of  the  Intermediate  layers  of  carbides, 
oxycarbides  and  by  tungsten  dissolution,  as  appropriate.  At  sufficiently 
high  temperatures ,  the  intermediate  layers  which  form  on  graphite  are 
destroyed,  and  rapid  reaction  between  the  carbon  and  either  oxide  may 
occur.  However,  the  gaseous  reaction  products  will  tend  to  remove  the 
oxide  deposit.  Dissolution  of  tungsten  by  molten  oxides  could  be 
serious  over  long  periods  of  exposure  time. 

The  mixing  of  silica,  from  insulation  materials,  with  the  metal  oxides 
will  complicate  the  chemistry  and  probably  lower  the  melting  point  of  the 
mixture  (relative  to  the  pure  oxide).  While  such  mixtures  were  not 
studied  experimentally,  it  is  believed  that  the  sticking  mechanisms  and 
chemical  reactivity  of  the  mixtures  will  remain  essentially  unchanged. 

(2)  (C)  Arc-Plasma  Studies 

While  beryllia  and  alumina  sticking  on  asbestos  and  graphite  surfaces  was 
achieved,  the  experimental  objectives  of  the  arc  plasma  study  were  only 
partially  realized.  At  the  experimental  pressure,  the  chemical  sticking 
mechanisms  which  should  pertain  at  rocket  pressures,  are  not  faithfully 
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reproduced.  Since  this  conclusion  Is  most  applicable  to  the  beryllla, 
the  observed  behavorlal  differences  of  the  two  oxides  can  not  be 
extrapolated  to  rocket  conditions. 

The  observed  reflection  of  alumina  from  the  graphite  surface,  which  was 
Initially  just  below  the  alumina  melting  point,  was  anticipated.  However, 
the  temperature  level  at  which  this  occurs  should  be  significantly  higher 
at  rocket  pressures.  Undoubtedly,  the  threshold  temperature  for  alumina 
reflection  graphite  will  also  be  a  strong  function  of  Impact  velocity, 
impact  angle,  and  particle  size. 

The  Initial  reflection  of  both  beryllla  and  alumina  by  asbestos  phenolic 
Is  believed  to  be  a  result  of  the  rapid  thermal  and  mechanical  degradation 
of  the  surface  of  the  plastic  during  the  Initial  pyrolysis.  Soft,  non- 
charing  ablators  (teflon,  nylon  phenolic,  rubber,  etc.)  would  be  expected 
to  reject  the  deposit  in  a  similar  manner. 

It  appears  that  oxide  sticking  on  the  asbestos  phenolic  may  have  commenced 
at  the  time  when  molten  silica  or  silicates  first  appeared  at  the  surface. 
Alumina  (and  presumably  beryllla  at  higher  pressures)  was  observed  to 
stick  to  the  graphite  and  to  precharred  asbestos  phenolic.  It  Is  there¬ 
fore  likely  that  either  oxide  would  stick  on  carbon  or  graphite  cloth 
materials  throughout  the  inteni*ediate  temperature  range.  That  is,  sticking 
will  start  after  the  initial  high  rate  of  pyrolysis  is  past  and  a  reasonably 
strong  char  is  formed.  The  sticking  period  will  end  when  the  char  surface 
temperature  reaches  a  level  where  the  intermediate  carbide  and  oxycarbide 
layers  decompose  to  gaseous  products.  It  Is  anticipated  that  carbon  or 
graphite  cloth  Insulators  would  accumulate  less  deposit  than  the  silica- 
re-enforced  types  of  insulators,  both  because  there  is  no  molten  phase 
present  and  because  the  time  spent  in  the  sticking  temperature  range 
(about  3000°F  to  4700°F)  vlll  be  short. 

At  the  highest  material's  surface  temperatures,  where  chemical  sticking 
can  no  longer  occur,  some  of  the  impinged  deposit  may  continue  to  flow 
along  the  surface.  Rather  small  quantities  are  expected  and  the  flow 
should  not  be  continuous.  Drops,  beads,  or  streams  of  oxide  will  react 
with  the  surface  forming  gases  which  may  tend  to  propel  them  along 
forming  shallow  axial  grooves.- 

(3)  (C)  Hardware  and  Nozzle  Deposits  Analysis 

The  post-test  analysis  showed  that  the  hardware  tested  was  typical  of 
otl  er  hardware  exposed  to  similar  conditions.  There  was  nothing  unusual 
or  unexpected  found  from  any  of  the  hardware  or  the  condensed  phase 
deposits.  Consequently,  It  is  concluded  that  the  equilibrium  combustion 
objective  was  achieved. 
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There  was  no  unburned  beryllium  metal  found  in  any  of  the  riisidue  examined. 
Aliiminum  metal  was  found  in  both  chamber  slag  and  in  the  aft  "closure 
insulator  char.  It  is  believed  that  this  observation  is  significant  and, 
further,  that  it  supports  the  hypothesis  that  beryllium  metal  does  not  melt 
and  agglomerate  on  the  propellant  surface  as  aluminum  apparently  does. 

(4)  (C)  Exhaust  Plume  Sample  Analysis 

The  condensed  phase  material  collected  from  beryllium  containing  propellant 
exhausts  exhibited  a  variety  of  shapes,  some  spherical,  some  Irregular, 
but  mostly  crystalline.  The  particle  size  ranged  from  veiy  small 
(<0.01  micron)  to  5  to  8  microns.  Differences  in  samples  from  the  four 
propellant  formulations  could  exist  but  were  not  noted. 

All  beryllium  exhaust  particle  samples  were  examined  by  X-ray  diffraction 
and  were  found  to  ft  BeO.  There  were  no  carbides,  nitrides  or  ^  BeO 
found. 

The  exhaust  particle  samples  collected  from  aluminum  containing  pro¬ 
pellants  were  all  spherical.  The  particle  size  ranged  from  1  to  20 
microns.  X-ray  diffraction  analysis  indicates  that  the  particles  area 
and  y  Al^O^. 

There  results  generally  indicate  that  the  desired  equilibrium  combustion 
condition  was  obtained  in  the  end  burning  grain  tests  T-1  through  T-7. 

b.  (U)  Recommendations 

Based  on  the  observed  existance  of  two  beryllium-tungsten  alloys  with 
melting  points  which  are  well  below  the  analagous  carbon-tungsten  compounds, 
it  is  recommended  that  tungsten  inserts  be  examined  for  beryllium  content, 
as  well  as  carbon,  at  least  when  there  are  indications  of  melting  or  flow 
of  exposed  surfaces.  Such  a  discovery  is  indicative  of  the  tungsten  in¬ 
sert  failure  (or  damage)  mechanism  and  is  suggestive  of  poor  beryllium 
metal  combustion.  Note,  however,  that  the  grain  design,  flow  velocities, 
and  nozzle  contour  must  be  such  that  deposition  of  unburned  beryllium 
could  have  actually  occurred. 

It  is  apparent  that  the  chemical  interaction  of  beryllia  and  alumina  with 
graphite  and  asbestos  phenolic  chars  is  both  pressure  and  temperature 
dependent.  Therefore,  it  is  recommended  that  the  use  of  low  pressure 
arc  plasma  testing  techniques  be  most  carefully  considered.  The  behavior 
of  insulation  and  graphite  materials  in  low  pressure  test  can  not  be 
directly  extrapolated  to  the  rocket  environment. 
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The  application  of  the  cold  flow  modeling  techniques  in  the  present  program 
and  in  Contract  NAS7-408  has  demonstrated  its  capabilities  in  characteriz¬ 
ing  particle  impingement  location,  flow  stagnation,  recirculation  flow, 
and  flow  irregularities  in  complex  motor  and  gain  configurations.  It  is 
recoininemded  that  the  cold  flow  modeling  technique  be  used  in  support  of 
prelininary  configuration  design  studies  and  motor  insulation  materials 
selection.  It  is  also  recommended  that  the  technique  be  applied  to  the 
area  of  hot  gas  valving  and  ducting  development  studies. 

The  post-test  analysis  procedures  developed  for  the  purposes  of  this 
program  could  provide  useful  Information  in  the  analysis  of  nozzles 
failures  and  in  the  development  of  advanced  propellant  formulations. 

However,  it  is  not  recommended  that  they  be  applied  in  general  both 
because  of  the  associated  cost  and  because  there  is  no  indication  that 
"successful"  firings  will  yield  unpredictable  deposit  or  materials  be¬ 
havior.  The  post-test  evaluation  of  ablative  materials  performance  and  the 
examination  of  exhaust  plume  particles  may  be  useful  under  many  circum¬ 
stances,  at  least  until  the  ablation  and  propellant  combustion  phenomina 
are  well  understood. 

c.  (U)  Future  Work 

The  major  task  remaining  in  the  laboratory  studies  is  the  post-test  analysis 
of  motor  hardware,  condensed  phase  deposits,  and  exhaust  plume  particle  sam¬ 
ples.  The  results  of  the  analysis  for  all  of  the  remaining  small  motor 
tests  will  be  reported  in  the  next  progress  report.  The  analysis  of  hard¬ 
ware  from  Tests  T-9  through  T-12  is  in  progress.  Any  analysis  of  the  500 
pound  development  motor  test  hardware  will  be  presented  in  the  final 
report.  It  is  expected  that  nozzles,  predominantly  with  tungsten  inserts, 
from  several  other  programs  will  be  examined  during  the  next  reporting 
period.  The  primary  source  of  such  hardware  will  be  the  Aerojet  ADOBE 
program. 

The  effort  to  relate  the  results  of  t.he  condensed  phase  reaction,  plasma 
deposition  and  cold  flow  modeling  studies  will  continue.  Considerauion  of 
the  ^  beryilia  question  will  also  be  continued.  Some  effort  will  be 
devoted  to  the  examination  of  the  suspected  chloride  phase  in  the  plume 
samples . 


SECTION  IV  (C) 


CORRELATION  STUDIES 


4.1  (U)  OBJECTIVES,  SCOPE  AND  SUMMARY 

a.  Objectives 

The  primary  objectives  of  the  correlation  studies  effort  in  this  program 
are  to  obtain  and  correlate  data  (from  this  and  other  programs)  in  a  manner 
which  can  be  used  to  help  verify  and/or  explain  the  machanisms  of  beryllium 
propellant  erosion  and  corrosion  in  rocket  motors.  The  correlation  studies 
effort  is  divided  into  two  basic  functions:  correlation  and  instrumenta¬ 
tion.  The  correlation  function  incorporates  three  basic  divisions  of  work: 
data  acquisition,  data  classification,  and  date  correlation.  The  instru¬ 
mentation  function  for  this  program  encompasses  the  acquisition  of  data 
for  the  correlation  function  through  thermal  instrumentation,  ballistic 
instrumentation,  and  exhaust  plume  sampling. 

The  objectives  of  the  correlation  function  during  the  second  reporting 
period  of  this  program  are  outlined  below. 

(1)  Data  Acuiisition 

(a)  Acquire  thermal  and  ballistic  data  from 
the  motor  tests  of  this  program. 

(d)  Obtain  data  from  related  programs  which 
will  aid  in  establishing  correlations. 

(2)  Data  Classification 

(a)  Classify  and  record  all  pertinent  data 

from  the  tests  of  this  and  related  programs. 
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(3)  Data  Correlation 

(a)  Attempt  to  find  correlations  with  motor 
test  data  only.  This  effort  will  be 
restricted  to  the  propellants  used  In 
this  program. 

(b)  Attempt  correlations  to  support  basic 
corroslon/eroslon  theories. 

The  objectives  of  the  instrumentation  functions  for  the  second  reporting 
period  of  this  program  are  outlined  below. 

(1)  Thermal  Instrumentation 

(a)  Continue  to  evaluate  the  instrumentation 
and  data  requirements  based  on  perform¬ 
ance  and  the  program  objectives. 

(b)  Provide  adequate  and  flexible  instrumen¬ 
tation  as  required. 

(c)  Establish  a  tentative  list  of  thermal 
instiumentation  for  the  remainder  of 
the  small  scale  motors. 

(d)  Obtain  or  manufacture  necessary  special 
Instrumentation. 

(2)  Exhaust  Plume  Sampling 

(a)  Obtain  exhaust  plume  particle  samples 
from  all  tests. 

'b)  Evaluate  the  capabilities  of  the  ex¬ 
haust  plume  particle  sarapler  No.  J 
Establish  the  need  for  particle 
sampler  No.  2. 

(c)  Design  and  fabricate  a  second  particle 
sampler  as  required. 

(1)  Evaluate  the  second  sampler. 

b .  Si.  ope 

The  correlation  st'’dies  effort  has  b3eR  separate  1  int  two  basic  ^ur.v:tions 
instrumentation  and  correlation.  The  overall  scope  of  the  instr.  nentation 


-181- 


function  Is  defined  and  limited  by  the  requirement  that  sufficient  instru¬ 
mentation  be  provided  on  each  motor  to  character ire  tlu  nozzle  thermal 
history  and  the  motor  performance.  In  addition,  the  instrumentation  must 
be  provided  in  accordance  with  the  test  schedule.  The  scope  of  the  cor¬ 
relation  function  ^s  more  difficult  to  define  even  though  there  are  more 
specific'  requirements  and  limitations.  The  correlation  effort  '^ill  include 
the  collectio’'  and  organizt  :ion  of  appropriate  beryllium  and  aluminum  pro¬ 
pellant  motor  design  and  test  data  r.nd  the  correlation  of  the  results  of 
laboratory  tp"t6,  motor  tests,  and  aralytical  studies.  This  effort  will 
be  i-'-'nited  to  studying  selected  types  of  propellant  and  nozzle  systems  aid 
to  pre-xidiug  support  in  the  general  areas  of  the  ana’ytical  efforts. 

The  effort  expended  on  the  correlation  studies  during  thi*^  '<rter  was 
divided  almost  equally  between  the  instrumentation  and  cc  ..ation  functions. 
Where  it  was  necessary  to  set  a  priority,  the  instrumentation  function  was 
accomp'ished  first.  This  was  necessary  to  prevent  undue  delays  in  the 
design,  fabrication,  and  test  schedules. 


Hie  scope  of  the  instrumentation  function  was  defined  and  limited  by  the 
following  requirements: 


(1)  Adequate  instrumentation  wi 11  be  supplied  accord¬ 
ing  to  the  fa’-rication  and  test  sc-icdule. 

(2)  Exhaust  ^  .ume  particles  will  be  taken  from  a..! 
tests. 

(3)  Consideration  will  be  given  to  only  the  small- 
scale  motor  t-ists. 

(4)  All  instrumentation  will  be  continually  rev  ewed 
lor  quality  and  quantity  of  date  required. 


Ine  overall  scop;  of  the  daca  correlation  function  has  bi 'n  defined  and 
limited  by  the  following  gensral  requiremen..st 

(1)  State-of-the-art  propellants  with  beryllium 
metal  additives  will  be  investigated. 


(2)  A  minimum  number  of  aluminum  piopellants  and 
test  data,  which  are  cooiparable  to  the  beryl¬ 
lium  propellants  and  data,  will  be  considered. 


(3) 


Both  composite  and  double  base  propellants 
will  be  considered  and  compared. 
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During  this  quarter,  the  scope  of  the  data  correlation  effort  was  further 
defined  by  the  following  requirements: 

(1)  Only  propellants  of  the  type  used  in  this  program 
were  to  be  examined  in  detail. 

(2)  C-^rrelation  attempts  would  initially  consider 
raw  data  trends.  Correlation  of  selected  data 

in  support  of  specific  theories  will  be  attempted 
during  the  third  reporting  period. 

c.  Summary  of  Progress 

Ttie  following  is  a  brief  description  of  the  progress  made  in  the  correla¬ 
tion  studies  effort  during  the  second  reporting  period: 

(1)  The  thermal  instrumentation  performance  on  the 
first  seven  motor  tests  has  been  evaluated. 

(2)  The  thermal  instrumentation  requirements  have 
been  tentatively  established  for  the  remainder 
of  the  small  motor  tests. 

(3)  A  radiometer  was  fabricated  and  tested  on  two 
motors. 

(4)  A  portion  of  the  special  thermocouples  required 
for  the  small  scale  submerged  and  steep  inlet 
nozzles  have  been  purchased  and  installed.  The 
remainder  of  the  special  thermocouples  were 
fabricated  by  Aeronutronic. 

(5)  Tlie  exhaust  plume  particle  sampler  No,  1  was 
tested  and  the  results  evaluated. 

(6)  Particle  sampler  No.  2  was  designed,  fabricated, 
and  tested.  The  purpose  of  this  sampler  is  to 
obtain  particle  samples  at  various  radial  posi¬ 
tions  from  within  the  plume  and  to  minimize  the 
loss  of  sample  material  due  to  handling. 

(7)  Correlations  of  corrosion-erosion  were  demon¬ 
strated  for  selected  propellants. 

(8)  Correlations  of  the  metal  oxide  deposition 
encountered  during  the  first  seven  motor  tests 
of  this  program  were  attempted. 


V 

/ 
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4.2  (C)  CORRELATION 

a.  (U)  Daca  Acquisition 

The  motor  test  data  obtained  during  the  first  quarter  of  this  program  were 
selected  with  the  primary  objective  of  providing  a  basic  background  of 
information  on  beryllium  propellant  motor  design  problems.  This  type  of 
information  was  particularly  useful,  i  i  the  initial  hardware  design  phase 
of  this  program.  The  data  selected  for  study  during  the  second  quarter  of 
this  program  were  chosen  witi  the  primary  purpose  of  establishing  raw  data 
correlations.  Most  of  the  dota  used  were  from  small  motor  tests  with  pro¬ 
pellants  similar  to  those  ?elng  tested  on  this  program.  It  was  anticipated 
that,  if  correlation  couid  be  established  with  these  propellants,  the  cor¬ 
relation  of  data  from  other  propellants  and  motor  configurations  for  which 
there  are  less  data,  may  be  simplified. 

Most  of  the  motor  tests  considered  during  this  reporting  period  were  of  the 
type  used  for  propellant  evaluation  and  tailoring  tests.  The  tests  were 
generally  short  (of  the  order  of  3  to  10  seconds).  However,  for  most  cases, 
the  throat  insert  material  was  a  polycrystalline  graphite.  The  flame-side 
surface,  of  this  type  of  graphite  throat  insert  will  reach  temperatures, 
in  the  short  firings,  comparable  to  those  attained  by  pyrolytic  graphite 
insert  during  much  longer  firing.  The  aft  closure  and  nozzle  entrance 
sections  of  the  small  motors  were  usually  polycrystalline  graphite.  Thus, 
the  collection  and  solidification  o"^  the  metal  oxides  on  these  surfaces 
would  have  much  less  effect  on  ‘■'.it!  .  'oat  deposition  than  is  expected  in 
larger  motors.  It  was  estl''  ted  that  surface  temperatures  high  enough  to 
melt  beryllium  oxide  cculd  be  attained  at  the  nozzle  throat  in  less  than 
0.5  second  for  some  propellants.  There  Tore,  data  from  these  tests  would 
be  valid  in  evaluating  the  effects  of  various  design  parameters  on  erosion 
and  corrosion  cf  the  graphite  throat  materials. 

The  literati”  e  s  .r  .^cy  and  data  acquisition  required  for  this  program  are 
not  considered  cumpletc.  It  is  anticipated  that  data  from  other  programs 
will  be  concinually  reviewed,  evaluated,  and  collected  for  use  through  the 
duration  of  the  program.  It  is  expected  that  data  from  the  Aerojet  ADOBE 
program  will  bs  examined  in  detail  during  the  next  reporting  period. 

b.  (C)  Dat.’  Correlation 

An  examination  of  the  data  collected  thus  far  indicates  that  the  corrosion- 
erosion  phenomenon  is  truly  a  complex  function  of  a  large  number  of  param¬ 
eters  and  conditions.  However,  an  attempt  was  made  to  point  out  some 
obvious  correlations  with  selected  data.  These  correlations  reflect  the 
combined  effects  of  heat  transfer,  mass  transfer,  and  thermochemistry 
ohenomena,  even  though  the  number  of  geometric  variables  was  kept  to  a  mini¬ 
mum.  The  primary  objective  was  not  to  verify  a  given  set  of  hypotheses, 
but  to  show  that  some  of  the  beryllium  motor  test  data  will  correlate  on 
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some  basic  parameters.  One  of  the  objectives  of  these  correlation  attempts 
was  to  point  out  inconsistencies.  It  is  this  supposed  inconsistency  that 
has  led  to  the  conclusion  that  beryllium  data  will  not  correlate  or  behave 
in  the  "normal"  manner  similar  to  the  aluminum  data.  An  attempt  has  been 
made  to  iilustrate  a  few  of  the  reasons  beryllium  propellant  test  data 
appear  to  be  inconsistent  •  noncorrelatable . 

By  examining  a  large  number  ot  test  results  from  propellant  tailoring  motor 
tests,  it  was  concluded  that  the  primary  reason  correlation  of  data  has  been 
difficult  is  that  the  metal  or  metal  oxide  deposition  on  the  nozzle  is 
interfering  with  corrosion.  In  much  of  the  data,  the  amount  and  duration 
of  the  deposition  makes  it  impossible  for  gas  phase  corrosive  attack  to 
occur  at  all.  However,  in  some  cases,  depending  on  the  propellant,  the 
test  motor  configuration  and  material,  the  nozzle  surface  was  exposed  to 
the  gaseous  combustion  products  for  a  significant  portion  of  the  run. 

Data  from  these  tests  were  found  to  be  the  most  useful  in  establishing 
basic  correlation.  For  example,  the  results  from  nine  10-pound, 
tailoring  motor  tests,  using  Arcocel  191,  191A,  and  191B  propellants,  were 
taken  from  Reference  15  and  tabulated  in  Table  XX  for  direct  comparison. 

From  the  data,  it  can  be  inferred  that  the  nozzles  were  exposed  to  the 
exhaust  gases  for  the  larger  part  of  the  tiring  time.  Thus,  the  data  from 
these  tests  should  be  representative  of  the  beryllium  propellants  and 
comparable  to  aluminum  propellant  data. 

One  of  the  more  common  correlations  attempted  with  aluminum  propellants  is 
that  of  relating  erosion  rate  to  the  nozzle  heat  transfer.  Tlie  geometry  of 
the  motors  and  throat  inserts  is  nearly  constant  for  all  the  tests  presented 
in  Table  XX  ,  thus  eliminating  some  of  the  more  important  variables.  The 
term  erosion  rate  (6)  is  generally  defined  as  the  total  amount  >./f  radial 
throat  erosion  divided  by  the  action  time.  This  definition,  however  is 
somewhat  in  error  when  a  protective  deposition  layer  coal’s  the  nozzle  for 
a  significant  portion  of  the  run  and  when  the  ercs^on  rate  changes  with 
time  during  the  run.  The  deposition  layer  remains  attached  to  the  nozzle 
surface  until  the  nozzle  surface  temperature  reaches  approximately  the 
melting  point  of  beryllia.  Since  alumina  melts  about  lOOQOF  lower  than 
beryllia,  the  presence  of  the  deposit  is  not  as  noticeable  in  correlation 
studies.  However,  the  standard  definition  of  j  will  be  used  in  these 
correlations  since:  (1)  the  surface  temperatur  e  i"^  rolatRd  to  the  gas  side 
heat  transfer  coefficient  which  for  a  given  propellant  and  motor  configura¬ 
tion  is  related  to  the  chamber  pressure  (amo.ig  other  things),  and  (2)  the 
amount  and  type  of  material  which  could  be  d®posrter  may  also  be  related 
to  the  chamber  pressure.  Figure  93  presents  a  plot  of  erosion  rate  as  a 
function  of  the  average  chamber  pressarw;  (Pg)  for  the  191  propellant  tests 
tabluated  in  Table  XX.  Note  that  using  the  uncorrected  raw  data,  there  is 
a  correlation  of  the  data  with  average  chamber  pressure  approximately  to 
the  0.734  power.  This  relationship  is  very  close  to  the  0.8  power  relation 
between  the  theoretical  heat  transfer  coefficient  and  chamber  pressure. 

The  chamber  stay-time  for  these  teats  is  estimated  co  he  about  one  milli¬ 
second  at  the  low  pressure  and  about  3  milliseconds  at  the  highest  pressure. 
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TABLE  XX  .  MOTOR  TEST  DATA  FOR  THROAT  EROSION  CORRELATIONS 
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FIGURE  93. 


average  chamber  pressure  (PSIA)  (P^) 

F04115  C 


NOZZLE  EROSION  RATE  AS  A  FUNCTION  OF  CHAMBER  PRESSURE  FOR 
SELECTED  DOUBLE  BASE  PROPELLANTS 
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The  data  scatter  in  Figure  93  may  be  reduced  by  normalizing  the  propellant 
weight,  throat  diameter,  and  average  burn  rate.  By  making  several  trial 
and  error  crossplots  of  the  data  from  the  nine  191-propellant  tests,  it 
was  found  that  the  erosion  rate  was  proportional  to  chambir  pressure  (Pc)> 
weight  of  the  propellant  (Wp)  p.^erage  throat  diameter  (U*),  propellant 
burn  rate  (rb),  and  action  time  (T).  Equation  ')  can  be  used  to  correlate 
the  erosion  rate  to  within  10  percent  of  the  actual  value. 


6^  =  (0.00835) 


fc  -  f.)  (i)"  (r.ncV4  (V)  <’) 


Of  course,  this  equation  applies  only  to  the  ARC  191  propellant  in  the 
ARC  10-pound  tailoring  motor.  The  equation  may  be  used  to  predict  erosion 
by  iteration. 

Due  to  the  limited  number  of  data  points  available  for  the  other  three 
beryllium  propellants  being  considered  on  this  program,  it  was  not  possible 
to  develop  correspo:  .ing  correlations.  However,  to  illustrate  a  potential 
correlation  in  what  may  have  been  considered  noncorrelatable  data,  corrosion- 
erosion  rate  was  plotted  against  average  chamber  pressure  for  the  available 
ARC  319,  24,  and  54  propellant  data  points  (see  Table  XX  and  Figures  93  and  94). 
In  addition,  the  more  abundant  Arcane  53  propellant  data  were  plotted  on 
Figure  94.  These  additional  data  may  not  necessarily  be  representative  of  the 
Arcane  54  composite  propellant;  however,  they  are  presented  to  illustrate  a 
potential  trend.  Note  that  with  the  Arcane  53  propellant,  the  erosion  rate 
reaches  a  minimum  at  a  chamber  pressure  of  about  700  psi.  At  pressures  either 
lower  or  higher,  the  data  indicate  that  erosion  rate  increases.  The 
right  side  of  the  V-shaped  curve  drawn  on  the  data  in  Figure  94  has  a 
slope  which  is  only  slightly  greater  than  the  one  which  was  established 
for  the  191  propellant  data.  The  phenomena  which  cause  the  erosion  to 
increase  with  pressures  above  700  psi  are  probably  the  same  for  the  54  and 
191  propellants  (increased  surface  temperature  causes  a  corresponding 
increased  carbon  reactivity).  The  increasing  erosion  with  decreasing 
pressure,  illustrated  by  the  left  side  of  the  V-shaped  curve  drawn  on  the 
data  in  Figure  94,  may  be  attributed  to  increasing  available  oxygen  due 
to  incomplete  propellant  combustion  at  the  lower  pressures.  The  very  short 
time  Arcane  24  tests  exhibited  no  erosion  due  to  deposit  coating  of  the 
throat.  The  estimated  chamber  stay  times  range  from  3.4  milliseconds  at 
the  low  pressure  to  5.0  milliseconds  at  the  high  pressure  for  the  Arcane  53 
propellant.  The  stay  time  corresponding  to  the  minimum  erosion  is  4 
milliseconds . 


A  study  of  corrosion-erosion  in  metallized  propellants  should  always  con¬ 
sider,  to  some  extent,  the  problem  of  metal  cr  metal  oxide  deposition. 

The  material  being  deposited  could  obscure  or  confuse  what  may  otherwise 
have  bt..n  obvious  conclusions.  The  deposition  encountered  in  the  first 
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FIGURE  94.  NOZZLE  THROAT  EROSION  RATE  AS  A  FUNCTION  OF  CHAMBER  PRESSURE 
FOR  SELECTED  COMPOSITE  PROPELLANTS 
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seven  tests  of  this  program  has  proven  to  be  a  significant  detriment  to 
establishing  corrosion  correlations.  On  the  other  hand,  the  presence  of 
such  large  amounts  of  lasting  deposition  points  clearly  to  a  design  approach 
by  which  some  beryllium  propellants  may  be  kept  from  seriously  corroding 
or  eroding  the  nozzles  and  other  hardware. 

Tliere  are  certain  trends  displayed  in  the  deposition  data  derived  from  the 
first  seven  motor  tests  that  should  be  polnced  out.  Deposition  data  sub¬ 
sequently  obtained  during  this  program  will  be  added  to  that  already  de¬ 
rived  in  order  to  help  prove  or  disprove  the  data  trends  described  below. 

Table  XXI  presents  a  numerical  compilation  of  the  ceposition  and  erosion 
data  (generated  in  Paragraphs  2.5  and  5.2b  of  this  report).  The  data  in 
Table  XXI  are  arranged  in  two  basic  groups:  aluminum  and  beryllium 
additive  propellants.  Within  each  of  these  groups,  the  data  are 
segregated  into  double  base  and  composite  propellants.  Plotted  on  the 
table  for  each  propellant  are  flame  temperature,  percent  metal  additive, 
characteristic  exhaust  velocity,  and  XSO.  These  are  parameters  commonly 
used  in  attempting  correlations. 

The  following  is  a  list  of  some  of  the  more  obvious  correlations  deduced 
from  the  data  in  Table  XXI. 

The  deposition  data  available  from  the  aluminized  propellants  indicate: 

(1)  The  total  deposition-time  integral  is  inversely 
proportional  to  the  propellant  flame  temperature 
for  both  the  dou"' le  base  and  composite  propellants. 

(2)  The  total  deposition-time  integral  is  proportional 
to  tl  j  XSO  for  the  two  double  base  propellants 
(no  conclusion  can  be  made  for  the  coinposita). 

(3)  The  maximum  computed  deposition  tnickness  during 
the  run  is  inversely  proportional  to  the  flame 
temperature  for  both  the  composite  and  double 
base  propellants. 

(4)  The  maximum  deposition  is  inversely  proportional 
to  the  XSO  for  the  double  base  propellants. 
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The  deposition  data  available  for  the  berylllzed  p'.  ^pellant  tests  Indicate: 

(1)  The  total  deposition-time  Integral  and  peak 
deposition  thickness  ire  proportional  to  the 
flame  temperature  and  percentage  of  metal 
additive  for  both  the  double  base  and  com¬ 
posite  propellants. 

(2)  The  total  deposition-time  Integral  Is  Inversely 
proportional  to  the  delivered  characteristic 
exhaust  velocity. 

In  general  it  can  be  inferred  from  both  the  total  deposition-time  Integral 
and  tne  peak  deposition  thickness  computed  that  the  composite  propellants 
produce  more  deposition  than  the  double  base  propellants.  This  applies  to 
both  the  aluminized  and  berylllzed  propellants. 
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4.3  (C)  MOTOR  TEST  INSTRUMENTATION 
a.  Thermal  Instrumentation 
(1)  (U)  Conduction 

The  primary  objective  of  providing  conduction  thermal  instrumentation  on  the 
test  hardware  is  to  obtain  sufficient  temperature  response  data  to  experi¬ 
mentally  characterize  the  performance  f  the  nozzle  and  other  critical  motor 
components.  In  general,  the  measured  temperature  transients  will  be  compared 
with  the  computer  calculated  transients.  It  is  expected  that,  through  mul¬ 
tiple  trials  and  comparisons,  the  various  combustion  and  thermodynamic 
phenomenon  may  be  verified  and/cr  explained.  The  ultimate  foal  is  that  the 
complete  thermal  history  of  a  given  motor  with  a  given  beryllium  propellant 
can  be  computed  directly  (or  computed  indirectly  with  minor  testing  to 
provide  only  key  data  points). 

All  of  the  first  seven  motors  fired  curing  this  program  had  pctential 
instrumentation  locations,  as  shown  in  Figure  95.  A  tentative  instruraentatiun 
list  for  the  first  15  motors  was  presented  in  Table  XVITI  of  Reference  1. 

This  list  was  considered  represents. ive  of  the  desired  thermal  instrumen¬ 
tation  for  the  first  15  motor  tests.  However,  it  was  anticipated  that  the 
Instrumentation  requirements  would  he  modified  based  on  the  results  of  the 
first  few  tests.  For  exc-raple,  type  "S"  thermocouples  were  listed  for  use 
in  ports  1,  3,  and  5.  It  was  expected  that  typa  "K"  could  be  later  sub¬ 
stituted  if  the  recorded  temperatures  on  the  first  firings  were  low  enough. 

It  was  also  anticipated  that  the  use  of  ports  2,  6,  7,  13,  14,  and  15  could 
be  suspended,  provided  the  data  from  these  areas  were  not  unusual.  Table  X-KII 
presents  a  revised  instrumentation  list  for  the  small  scale  motor  tests. 

The  instrumentation  requirement  listed  for  the  first  seven  motor  tests  is 
representative  of  what  was  actually  used  on  those  tests. 

A  quick  review  of  the  quality  of  the  thermocouple  data  from  the  first  seven 
tests  is  presented  in  Table  XXIII.  The  data  from  each  thermocouple  port 
location  were  judged  good,  fair,  poor,  or  unusable.  Classification  of  the 
data  quality  was  based  on  the  following  requirements;  \^^1)  the  soak-back 
temperature,  or  maximum  temperature  at  that  location,  was  clearly  obtained 
and  recorded;  (2)  the  initial  temperature  rise  transient  was  obtained; 

(3)  the  temperature  decline  was  obtained;  and  (4)  the  curves  were  smooth, 
indicating  good  *herraal  contact  and  a  low  noise  level  in  the  recording 
system.  Data  classified  as  "good"  had  all  four  of  the  above  qualities.  Data 
classified  as  "fair"  had  qualities  (1),  (2),  and  (3),  but  the  curves  are  not 
required  to  be  smooth.  Data  classified  as  "poor"  had  qualities  (!)  or  (2). 
Note  in  Table  XXIII,  that  the  data  from  some  ports,  such  as  9,  10,  and  12  were 
classified  as  "good"  on  most  of  the  tests.  It  should  be  noted  that  very 
few  of  the  thermocouples  produced  totally  unusable  data.  Of  the  67  thermo¬ 
couples  used  on  the  first  7  tests.  48  provided  data  considered  good,  7  fair, 
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TABLE  XXII.  THERMAL  INSTRUMENTATION  LIST  (FOR  SMALL  SCALE  MOTOR  TESTS) 
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6  poor,  and  6  unusable.  For  the  purpose  of  analysis  on  this  program,  data 
classified  as  "fair"  is  in  most  cases  quite  adequate.  Thus,  54  of  the  67 
thermocouple  data  charts  could  be  considered  complete  and  adequate,  6  were 
partially  usable,  and  only  6  were  unusable. 


TABLE  XXIII.  QUALITY  OF  THERMOCOUPLE  DATA 
Test  Pores 


Number 

1 

2 

3 

4 

5 

6 

1 

8 

9 

iQ 

U 

12 

13 

14 

11 

T-1 

KG 

SG 

KF 

SF 

KG 

KG 

SP 

SG 

SG 

SG 

SG 

KU 

KU 

KU 

T-2 

SP 

SP 

SF 

SG 

SG 

SG 

KP 

SF 

KG 

KG 

KG 

T-3 

SP 

SG 

KG 

SG 

KF 

SG 

SG 

SG 

KG 

SG 

RG 

T-4 

SG 

SG 

KU 

SF 

XU 

SU 

SG 

KG 

SG 

T-5 

SG 

KG 

KG 

KG 

SG 

SG 

KG 

SG 

T-6 

SG 

KF 

KF 

KG 

SG 

SG 

KP 

SC 

RU 

T-7 

SG 

KG 

KG 

KG 

SG 

SG 

SG 

Thermocouple 

Type 


R  Radiometer 

S  Flatinum/platinum, 
107o  rhodium 

K  Chromel/alumel 


G  Good 
F  Fair 
Symbols  P  Poor 

U  Unusable 


The  data  from  ports  13,  14  and  15  on  Test  T-i  were  considered  unusable. 

The  primary  purpose  of  these  thermocouples  was  to  provide  data  on  the  aft 
closure  insulator  ablation.  However,  the  ablation  rate  during  this  run  was 
so  low  that  the  thermocouple  sensors  did  not  experience  the  expected  temper¬ 
ature  rise  during  the  run.  Since  the  aft  closure  did  not  ablate  or  erode, 
as  data  from  previous  beryllium  programs  had  indicated  it  could,  the  primary 
purpose  of  these  thermocouples  was  satisfied.  The  secondary  purpose  of  the 
aft  closure  thermocouples  was  to  measure  the  soak-back  temperature  within 
the  ablator  following  th-?  motor  firing.  The  secondary  purposes  could  be 
accomplished  only  if  the  aft  closure  were  not  eroded  enough  to  accomplish  the 
primary  objective  of  the  thermocouples.  However,  following  the  motor  firing, 
the  leads  on  thermocouples  13,  14  and  15  were  burned  by  the  tail-off  pyrol¬ 
ysis  gases.  Consequently,  the  secondary  objective  was  not  accomplished. 

Thus,  the  data  were  considered  unusable.  In  contrast,  the  thermocouples  in 
ports  13,  14,  and  15  on  run  T-2  remained  operative  following  the  run  because 
additional  protective  covers  were  placed  on  the  thermocouple  leads.  Although 
the  aft  closure  did  not  erode  enough  to  cause  the  thermocouple  to  perform 
their  primary  function,  data  were  obtained  on  the  heat  sork-back  in  the 
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insulator  following  the  motor  firing.  These  data  may  be  used  to  establish  the 
thermal  diffusivlty  of  the  virgin  ablative  material. 

The  data  from  the  radiometer  in  Test  T-6  were  considered  unusable.  However, 
the  failure  to  obtain  usable  data  was  believed  to  have  been  caused  by 
blockase  of  the  light  path  in  the  radiometer  tube  during  the  5-second 
ignition  delay.  Post-test  examination  of  the  radiometer  Indicated  the 
thermocouple  was  utill  operative. 

A  post-test  examination  of  the  thermocouple  used  in  ports  4,  7,  and  8  of 
Test  T-4  Indicate  that  the  thermocouples  were  in  satisfactory  condition 
during  the  run.  Thus,  it  is  believed  that  the  unsatisfactory  performance 
of  these  thermocouples  was  due  to  poor  thermal  contact  or  loose  connections 
in  the  lead  wire  or  recording  systems.  Poor  thermal  contact  could  have 
been  caused  by  improper  port  cleaning  or  by  insufficient  spring  loading  on 
the  thermocouple  tip. 

Post  test  examinations  were  performed  on  all  of  the  thermocouples  used  on 
the  first  seven  tests.  Table  XXIV  presents  the  results  of  these  exami¬ 
nations  in  coded  forms.  The  first  letter  (S,  K,  or  R)  describes  the  type 
of  thermocouple  used  ("S"  is  platinum/platinum-rhodium;  "K"  is  chromel/ 
alumel;  and  "R"  is  the  radiometer,  which  incorporates  a  chromel/alumel 
thermocouple).  The  remaining  letters  describe  the  condition  of  the  thermo¬ 
couples  (i.e.,  A  means  all  OK;  B  means  the  sensor  tip  was  bent;  F  means 
the  ceramic  portion  of  the  sensor  tip  was  broken;  H  means  the  damage  to  the 
thermocouple  occurred  during  or  before  the  firing;  etc.).  As  can  be  seen  in 
Table  XXIV,  most  of  the  thermocouples  were  in  good  condition  following  the 
tests.  These  examinations  proved  helpful  in  determining  the  cause  of  thermo¬ 
couple  malfunctions  and  in  evaluating  the  expected  performance  of  thermocouples 
at  a  given  location  on  future  tests  and  designs.  An  additional  post-test 
examination  procedure  has  been  recently  adopted  which  includes  a  more 
extensive  evaluation  of  the  thermocouple  installation.  This  procedure  will 
help  to  establish  whether  the  thermocouples  were  properly  installed  in  cases 
where  the  data  indicate  poor  thermal  contact. 

One  of  the  primary  considerations  adopted  for  the  first  seven  motors  on  this 
program  was  that  the  thermal  instrumentation  requirements  would  remain 
flexible.  A  large  number  of  instrumentation  ports  were  selected,  machined, 
and  otherwise  made  ready  to  accept  instrumentation.  Two  types  of  thermo¬ 
couples  were  selected,  Types  "S"  and  "K".  Due  to  the  lower  cost,  the  tyne 
"K"  was  to  be  used  where  ever  the  temperature  range  was  not  great  enough  to 
require  the  type  "S"  thermocouple,  Both  types  of  thermocouples  use  the 
same  installation  fittings.  Thus,  it  was  possible  to  add  or  sub^'ract 
thermal  instrumentation  and  to  interchange  thermocouple  types  depending  on 
the  previous  test  results  and  the  present  or  anticipated  analytical  data 
support  requirements. 
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A  pretest  list  of  the  anticipated  thermocouple  requirements  for  the  first 
15  motor  tests  was  presented  in  Table  XVIII  of  Reference  1.  By  com¬ 
paring  this  table  with  Table  XXII  oi  this  report  it  can  be  noted  that: 

(1)  nozzle  C  (or  T-1)  was  fired  first;  consequently,  the  exploratory  instru¬ 
mentation  of  nozzle  A  (or  T-2)  was  transferred;  (2)  thermal  instrumentation 
of  port  No.  7  was  not  suspended;  (3)  the  use  of  type  "S"  thermocouples  was 
continued  in  port  No.  1  on  the  aluminum  analog  motors;  (4)  the  radiometer 
was  added  to  teat  F  (or  T-6);  and  (5)  three  thermocouples  were  not  installed 
due  to  manufacturing  errors. 

A  revised  list  of  the  thermal  Instrumentation  requirements  for  the  remainder 
of  the  small  scale  motor  tests  is  also  presented  in  Table  XXII.  This 
list  was  generated  based  on  the  results  of  the  previous  motor  firings,  the 
anticipated  analytical  support  data  requirements,  and  the  motor  design 
limitations. 

Figures  96  through  101  are  drawings  of  the  different  types  )f  nozzles  to  be 
used  on  the  remainder  of  the  small  scale  tests.  These  drawings  illustrate 
the  location  of  the  thermocouples  and  the  numbering  system  used  to  identify 
each  thermocouple  (or  thermocouple  port)  location.  The  nozzles  shown  in 
Figures  96  and  100  can  use  the  standard  spring-lcrded  bayonet  type  thermo¬ 
couples;  whereas,  the  nozzles  shown  in  Figures  97,  98,  99,  and  101  require 
custom  built  thermocouples. 

The  thermocouples  used  in  ports  19  and  20  on  the  steep  inlet  nozzles  (as 
shown  in  Figures  98  and  99)  are  extra  long,  spring-loaded,  bayonet  types. 
Three  standard  bayonet  thermocouples  were  remanufactured,  incorporating  a 
3-inch  extension  of  the  bayonet.  Two  of  the  three  thermocouples  use  plat- 
inum/platinum-rhodiuir.  sensors  (Type  "S”)  and  the  third  is  equipped  with 
chrome 1 /a lumel  (Type  "K").  The  third  one  is  to  be  used  only  if  one  of  the 
others  is  broken  during  installation  or  handling 

The  thermocouples  used  in  the  throat  section  of  nozzles  T-12  and  T-13 
(shown  in  Figures  97  and  98)  were  specially  manufactured  by  Hi-Cal  Engi¬ 
neering.  Figure  102  illustrates  the  Hi-Cal  thermocouple.  All  of  these 
thermocouples  incorporate  spring-loaded  platinum/platinum-rhodium  sensor 
tips.  A  continuity  check  of  these  thermocouples  following  installation 
indic?‘'Gd  that  3  of  the  10  were  inoperative.  This  high  mortality  rate 
coupled  with  the  8-week  demonstrated  delivery  time,  prompted  the  decision 
to  build  the  special  thermocouples  for  future  nozzles  at  Aeronutronic. 

Figure  103  illustrate',  the  special  submerged  type  thermocouples  manufactured 
by  Aeronutronic  for  use  on  nozzles  T-18.  T-19,  T-21,  and  T-22.  Both 
platinum/niatinum-rhodium  and  chromel/alumel  thermocouple  sensors  were 
used  in  the  fabrication.  All  of  the  special  thermocouples  required  for  the 
remainder  of  the  small  scale  motor  tests  (16  Type  "S"  and  6  Type  "K")  have 
been  manufactured.  Since  the  special  submerged  type  thermocouples  arc 
installed  within  the  nozzle  insulation,  none  of  them  are  considered 
salvageable. 


-200- 


FIGURE  96.  THERMOCOUPLE  LOCATIONS  FOR  NOZZLE  T-20 


FIGURE  98.  THERMOCOUPLE  LOCATIONS  FOR  NOZZLE  T-13 


FIGURE  99.  THERMOCOUPLE  LOCATIONS  FOR  NOZZLES  T-ZI  AND  T-22 


FIGURE  100.  THERMOCOUPLE  LOCATIONS  FOR  NOZZLE  T-16 
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FIGURE  103.  AERONUTRONIC  SPECIAL  SUBMERGED  THERMOCOUPLE  DESIGN  (TYPICAL 
INSTALLATION) 
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(2)  (C)  Radiation 

A  radiometer  for  measuring  combustion  chamber  radiation  has  been  fabricated 
and  tested.  The  primary  objective  of  this  Instrument  was  to  obtain  thermal 
data  which  could  be  used  to:  (1)  evaluate  the  combustion  chamber  particle 
cloud  radiation  and  (2)  to  compute  the  theoretical  ablation  of  the  aft 
closure  and  chamber  liner  material. 

A  verbal  and  pictorial  description  of  the  radiometer  was  presented  In 
Section  IV,  Reference  1.  Basically,  the  radiometer  consisted  of  a  molydenum 
dlslllclde  slug  calorimeter  which  nas  Insulated  from  and  mounted  In  a 
3/16-inch  OD  stainless  steel  tube.  Mobydenum  dlslllclde  was  selected 
because  It  had  a  good  combination  of  absorptivity  and  conductivity. 

Since  It  was  not  practical  to  gas  purge  the  light  path  portion  of  the 
stainless  steel  tube,  it  was  anticipated  that  the  light  path  would  be 
blocked  by  slag  from  the  combustion  chamber  or  by  the  stainless  steel  tube 
itself,  when  melting  occurs.  To  help  prevent  slag  from  running 
along  the  aft  closure  and  Into  the  radiometer  port,  the  stainless  steel 
tubular  body  of  the  radiometer  was  scarfed  parallel  to  the  aft  closure 
surface  and  extended  about  0.2  Inch  past  the  aft  closure  Insulator  surface 
into  the  combustion  chamber.  In  this  position,  It  was  estimated  that  the 
light  path  would  be  obstructed  by  the  melting  stainless  steel  tube  within 
about  one  second.  Thus,  the  total  useful  life  expectancy  of  the  radiometer 
was  estimated  to  be  one  second  at  the  most,  and  it  was  considered  possible 
that  slag  or  debris  from  the  ignitor  or  the  combustion  products  could 
render  the  radiometer  inoperative  in  even  less  time. 

The  output  of  the  radiometer  used  on  motor  Test  T-3  is  presented  in 
Figure  104.  In  addition  to  the  temperature  of  the  molybdenum  dlslllclde 
slug,  the  chamber  pressure  is  plotted  as  a  function  of  time.  Note  that 
the  slope  of  the  slug  temperature-time  curve  is  relatively  constant  at 
about  AOO^F/sac  during  tha  startup  transient.  This  is  an  indication  that 
the  particle  cloud  is  dense  and  that  the  temperature  of  the  particles  Is 
not  a  strong  funcLlon  of  chamber  pressure. 

From  Figure  104  it  is  apparent  that  the  light  path  in  the  radiometer  was 
blocked  at  about  0.7  se<>ond  but  was  cleared  again  at  about  0.9  second. 

After  about  1.13  seconds,  the  light  path  was  again  blocked  and  remained 
closed  for  the  run  duration.  Post-test  examination  of  the  radiometer 
revealed  that  the  radiometer  was  improperly  Installed  and  did  not  extend 
0.2  inch  into  the  combustion  chamber.  The  scarfed  end  of  the  radiometer 
was  submerged  in  and  protected  by  the  aft  closure  insulation.  The  blockage 
of  the  light  path  during  this  run  was  aitrlbuted  to  slag  flow  along  the 
insulator  surface.  The  stainless  steel  tip  was  not  melted  during  the 
firing. 
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FIGURE  104.  RADIOMETER  PERFORMANCE 
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A  more  detailed  discussion  of  the  data  from  the  radiometer  can  be  found  in 
Paragraph  2.5b.  This  paragraph  provides  an  analysis  of  the  resulting 
experimental  gas  particle  cloud  radiation  parameters. 

The  radiometer  was  refurbished  and  used  agalo  on  motor  T-6.  P.owever,  no 
data  were  obtained  duriag  this  firing.  A  post-test  examination  of  the 
radiometer  indicated  that  it  was  properly  installed  and  that  the  scarfed 
end  was  melted.  Figure  121  presents  a  plot  of  the  thrust  and  chandier 
pressure  during  motor  firing  T-6.  Note  that  there  was  a  5  second  ignition 
delay  on  this  test.  It  was  concluded  that  the  radiometer  light  path  tube 
was  either  plugged  or  melted  during  the  ignition  delay. 

Motor  numbers  T-8  through  T-20  will  use  internal  burning  grains.  Conse¬ 
quently,  it  is  not  possible  to  incorporate  the  radiometer  again  until 
motors  r-21  and  T-2'’.  Because  the  chamber  radiation  has  not  proved  to  be 
a  significant  problem  on  these  early  tests,  it  is  anticipated  that  the 
radiometer  will  not  be  used  again  on  this  program. 

b.  (U)  Ballistic  Instrumentation 

An  evaluation  of  the  propellant  and  motor  performance  requires  that  the 
following  ballistic  data  be  taken  during  each  test  run:  (1)  axial  thrust, 

(2)  chamber  pressure,  and  (3)  ambient  pressure. 

It  was  anticipated  that  the  motors  used  in  the  small  scale  motor  tests 
would  normally  produce  about  1000  to  1500  pounds  thrust  at  chamber  pressures 
between  600  to  1000  psl.  However,  to  ensure  that  data  would  be  obtained, 
even  if  the  motor  performance  were  abnor^l,  two  strain  gage,  dual  bridge 
axial  thrust  mounts  with  a  0  to  2000  pound  range  and  two  pressure  trans¬ 
ducers  with  ranges  of  0  to  1000  pslg  and  0  to  2G00  pslg  wert  used.  The 
data  taken  during  each  test  run  were  recorded  on  a  digital  recording  system 
at  17  to  18  millisecond  intervals.  An  oscillograph  was  also  used  to  record 
chamber  pressure  and  thrust;  this  system  was  used  only  for  redundancy. 

Nozzle  throat  and  exit  cone  measurements  were  taken  before  and  after  each 
firing.  It  should  be  noted  that  in  some  cases  the  throat  and  exit  cone 
deposition  was  Inadvertantly  chipped  off  by  the  measuring  instruments. 

The  differences  between  the  measured  final  throat  diameters  and  the  computed 
actual  throat  diameter^:  are  illustrated  in  Figures  132  through  138. 

c.  (U)  Exhaust  Plume  Sampling 

Exhaust  plume  particle  samples  were  taken  from  within  the  plumes  of  the 
first  seven  motor  tests.  It  is  anticipated  that  these  samples  will  help 
to  expla:'n  the  degree  of  combustion,  etc.,  that  occurred  during  the 
firings.  The  particle  samplers  used  on  the  first  five  motor  firings 
incorporated  seven  different  methods  of  collecting  particles  (see  Figure 
105  )  This  sampler  was  used  to  help  gain  information  necessary  to  fabricate 
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FIGURE  105.  EXHAUST  PLUME  PARTICLE  SAMPLED  NO.  1 
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a  more  elaborate  sampler.  However,  it  was  decided  that  a  more  elaborate 
sampler  was  not  necessary  at  this  time. 

Much  of  the  particulate  sample  taken  from  the  tests  was  being  lost  In 
handling.  Consequently,  It  was  decided  that  a  second  sampler  should  be 
fabricated  to  minimize  the  loss.  One  of  the  more  effective  methods  for 
collecting  particle  samples,  as  demonstrated  by  the  first  sampler,  was  a 
glass  tube  which  was  closed  on  one  end  and  open  to  the  gas  flow  on  the 
other.  Particle  Sampler  No.  2  Incorporated  this  concept  (see  Figure  106). 
This  sampler  Incorporates  small  glass  bottles  to  catch  the  particles.  The 
open  end  of  each  bottle  faces  the  gas  stream  and  holds  the  particles  when 
they  are  forced  in  by  their  own  momentum.  After  the  test,  the  bottles  are 
removed  from  the  sampler  and  capped.  Thus,  the  loss  of  particulate  matter 
can  be  kept  to  a  minimum. 

Particle  Sampler  No.  2  employs  6  sampling  bottles.  The  bottles  are  spaced 
on  the  sampler  at  radial  positions  perpendicular  to  the  nozzle  centerline 
This  was  done  to  detect  any  possible  stratification  In  the  particle  type  or 
size  distribution.  An  examination  of  the  bottles  following  tests  T-6  and 
T-7  indicated  that  the  sampler  can  collect  sufficient  material  for  analysis. 
At  present  it  is  anticipated  that  Particle  Sampler  No.  2  will  be  employed 
on  all  subsequent  tests.  There  are  no  plans  for  a  more  elaborate  sampler. 

4.4  (C)  CONCLUSIONS,  RECOMMENDATIONS,  AND  FUTURE  WORK 

a.  (C)  Conclusions 

It  was  found  that  correlations  of  beryllium  metal  based  propellant  nozzle 
erosion  data  may  have  b^en  obscured  or  confused  by  extensive  metal  oxide 
deposltio  s.  By  selecting  data  for  which  the  deposition  remains  on  the 
nozzle  for  a  small  fraction  of  the  run-time,  it  was  found  that  corrosion- 
erosion  can  be  related  to  chamber  pressure,  etc.  The  data  derived  from 
the  first  seven  motor  tests  of  this  program  indicate  that  the  amount  of 
deposition  attainable  for  double  base  propellants  Is  less  than  that  for 
composites . 

b.  (U)  Recommendations 

No  recommendations  are  nade  at  this  time. 

c.  (U)  Future  Work 

The  following  is  a  brief  list  of  the  correlation  studies  planned  for  the 
third  reporting  period  of  this  program: 

(1)  The  thermal  instrumentation  will  be  continually 
evaluated.  Alterations  in  the  number,  uype,  and 
location  of  thermocouples  on  future  tests  will 
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FIGURE  106.  EXHAUST  PLUME  P.\RTICLE  SAMPLER  NO.  2 
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be  made  in  accordance  with  the  anticipated  support 
data  requirements  and  the  capability  of  the 
instruments. 

(2)  The  thermal  instrumentation  requirements  for  the 
remainder  of  the  motors  in  this  program  will  be 
tentatively  established. 

(3)  The  data  acquisition  from  other  programs  will 
continue  during  the  third  quarter.  Emphasis 
will  be  placed  on  establishing  correlation  with 
general  and  specific  theoretical  hypotheses. 

(4)  Emphasis  will  be  placed  on  attempting  correla¬ 
tions  of  data  from  the  laboratory  tests  and 
motor  tests  of  this  program. 
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SECTION  V  (C) 


MOTOR  DESIGN,  FABRICATION  AND  TEST 

5.1  (U)  OBJECTIVES,  SCOPE  AND  SUMMARY 
a.  Program  Objectives 

The  overall  objectives  of  the  motor  design,  fabrication,  and  test  task  of 
the  program  were  preseni  in  Paragraph  5.1  of  Reference  1  and  have  not 
changed.  The  specific  objectives  for  the  second  reporting  period  were: 

(1)  Select  two  beryllium  propellant  formulations 
based  on  the  results  of  Motor  Tests  T-1  through 
T-4,  for  use  in  Motor  Tests  T-9  through  T-21. 

(2)  Fabricate  and  deliver  seven  internal  burning 
grains;  four  of  the  Type  1  design,  two 

Type  II,  and  one  Type  III. 

(3)  Complete  modifications  of  the  ADOBE  hardware  to 
accoinm94ate  the  internal  burning  grain  designs. 

i 

(4)  Fabricate  and  deliver  ten  nozzles,  11  aft 
closure  Insulators,  and  three  chamber  liners. 

(5)  Design  nozzles  for  Motor  Tests  T-16  through  T-21. 

(6)  Conduct  the  first  14  small  motor  tests. 
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b.  Scope 


In  general,  the  scope  of  this  program  task  is  the  same  as  previously 
described  in  Paragraph  5.1  of  Reference  1  ,  However,  extensive  delays  in 
motor  testing,  because  of  bad  weather  at  AFRPL  and  damage  to  the  motor 
cases  during  the  initial  firings,  have  made  it  necessary  to  freeze  the 
designs  sooner  than  was  initially  planned.  In  this  process,  a  rather 
large  number  of  detailed  changes,  relative  to  the  initial  plan,  have 
occurred. 

The  propellant  foimulation,  grain  design,  nozzle  contour,  and  nozzle 
materials  for  each  of  the  27  motor  tests  are  given  in  Table  XX".'.  The 
small  motor  tests  are  numbered  T-1  through  T-22  and  the  development  motor 
tests  are  numbered  T-51  through  T-55.  The  most  important  changes  in  the 
detailed  test  plan  are  enumerated  below. 

(1)  Test  T-8  was  originally  to  be  an  end-burni’  g 
grain  using  the  aluminum  analog  of  the  Arcane 
24  F  propellant.  It  is  now  specified  as  an 
internal  burning,  slotted  (Type  II)  grain  usii.j 
the  aluminum  analog  of  the  Arcocel  191F  pro¬ 
pellant.  Except  for  the  propellant  formulation, 
this  test  will  be  identical  to  Test  T-10, 

(2)  The  five  grain  design  tests  (T-9,  T-]  ,  T-11, 

T-14,  and  T-15)  originally  featured  c;  ly  the 
two  beryllium  double  base  propellants,  Arcocel 
191F  and  319BRF.  The  Arcane  54F  composite  has 
been  sub.stituted  for  the  Arcocel  19 IF  in  Test 
T-11. 

(J)  The  materials  tests,  T-16  turough  x-2i,  were  to 
have  used  the  Arcocel  191F  propellant.  Test 
T-19  now  uses  the  Arcocel  319  BRF  propellant 
with  a  submerged  tungsten  nozzle. 

(4)  Test  T-21  was  originally  designated  as  a 

materials  test  and  T-22  as  a  utility  test.  Test 
T-21  would  have  featured  a  significantly  thicker 
pyrolytic  graphite  heat  sink  than  previously 
employed.  Motor  Tests  T-21  and  T-22  have  been 
changed  to  a  new  series  which  will  examine  non¬ 
equilibrium  coiubustion  effects.  The  Arcocel 
i9lF  and  Arcane  54F  propellants  will  each  be 
used  in  an  end-burner  configuration.  The  grain 
will  be  positioned  so  that  it  is  within  about 
one-eighth  of  an  inch  of  the  aft  closure  insula¬ 
tion  at  the  grain  outer  diameter.  The  steep 
inlot  nozzle,  as  in  Test  T-13,  will  be  used  in 
these  tests. 
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(5)  The  developTnent  motor  tests  originally  were  to 
feature  two  grain  designs,  one  propellant,  and 
three  nozzle  throat  materials.  The  present 
plan  io  to  use  one  grain  design,  two  no: :le 
contours  of  differing  subrergence ,  the  two 
double  base  propellents,  and  only  tungsten 
and  pyrolytic  graphite  throat  materials. 

All  of  the  changes  described  above  were  made  as  a  result  of  an  evaluation 
of  the  relative  potential  data  return  from  a  wide  variety  of  design 
candidates.  All  available  motor  test  data  were  used  in  the  decision  proc¬ 
ess.  It  should  not  be  inferred  that  any  of  the  changes  represent  prefer¬ 
ences  or  opinions  concerning  the  ultiioate  utility  of  any  of  the  propellants, 
designs,  or  nozzles  materials. 

The  scope  of  work  during  the  reporting  period  was  also  revised  to  Include 
the  repair  cf  the  ADOBE  motor  cases  which  were  damaged  during  Tests  T-1 
and  T-2.  Significant  revisions  in  the  sealing  scheme  used  at  the  forward 
end  of  the  grain  were  necessary.  The  nature  of  the  damage  and  the  correc¬ 
tive  action  are  described  in  Paragraph  5.2. 

c.  Summary  of  Progress 

During  this  reporting  period,  the  following  progress  was  made  toward  the 
achievement  of  the  task  objectives: 

(1)  Selection  of  the  propellant  fomulations  and 
grain  designs  for  each  of  the  small  motor 
tests  was  completed. 

(2'  Propellant  grains  for  Motor  Teste  T-8  through 
T-15  were  delivered  to  AFRPL. 

(3)  Nozzles  and  motor  insulation  sections  for 
motor  tests  through  T-15  and  T-14,  respec¬ 
tively,  were  fabricated  and  delivered  to  AFRPL. 

(4)  Required  modifications  to  the  ADOBE  chambers, 
as  a  result  of  damage  during  testing  and  to 
accommodate  the  internal  burning  grain  designs, 
have  been  completed. 

(5)  Small  Motor  Tests  T-1  through  T-7  and  T-9 
through  T-11  have  been  completed. 
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(6)  Two  propellant  formulations,  one  grain  design, 
two  submerged  nozzle  contour  designs,  and  two 
nozzle  throat  materials  have  been  selected 
for  use  in  the  development  motor  tests. 

(7)  Fabrication  of  nozzles  for  Motor  Tests  T-16 
through  T-20  and  motor  insulation  sections 
for  Tests  T-16  through  T-22  was  about  60  per¬ 
cent  complete  at  the  close  of  the  period. 

Propellant  grains  for  Motor  Tests  T-16,  T-17, 

T-21  and  T-22  were  also  nearly  finished.  The 
procurement  of  grain  casting  hardware  and  raw 
materials  for  the  development  motor  grains 
was  initiated  during  the  final  month  of  the 
reporting  period. 

5.2  (C)  SMALL  MOTOR  TESTS 

a.  (U)  Small  Motor  Design 

(1)  (U)  Propellant  Grain  Design 

All  grain  designs  for  tne  small  m'^tor  tests  were  completed  during  the  first 
reporting  period  of  this  program,  figures  47,  48,  49  and  50  in  Reference  1 
illustrate  the  single  end-burning  and  three  internal-burning  grain  designs 
that  are  being  used  in  this  test  phase.  The  internal-burning  grains  are 
cast,  overwrapped,  and  then  bonded  into  the  micarta  insulation  sleeves. 

(2)  (U)  Motor  Case  Design 

Small  Motor  Tests  T-1  and  T-2  (end-burning  grains)  indicated  that  the 
method  used  to  seal  the  head  end  of  the  ADOBE  motor  case,  as  described  in 
Paragraph  5.2b  of  Reference  1,  was  Inadequate.  Each  test  resulted  in  a 
partial  burnthrough  of  the  ADOBE  motor  case  just  forward  of  the  steel 
bearing  plates.  It  has  been  concluded  that  the  burning  of  the  cases 
occurred  during  the  last  second  or  two  of  firing  :‘n  both  instances.  As 
th“  grain  burning  surface  reached  the  head  end  epo::y  inhibitor,  the  peri¬ 
phery  of  the  inhibitor  was  exposed  first  due  to  a  slight  dishing  of  the 
propellant  surface.  This  dishing,  however  slight,  is  a  result  of  tempera¬ 
ture  gradients  through  the  propellant  cross  section  (i.e.,  higher  tempera¬ 
ture  and  higher  burn  rate  near  the  insulated  outer  diameter  of  the  grain). 

The  epoxy  grain  inhibitor  and  RTV  sealant  on  the  steel  bearing  plate  were 
too  weak  tc  resist  the  pressure  differential  between  the  working  and  wood 
filled  sections  of  the  chamber.  A  blowthrough  occurred  at  the  exposed 
point  (or  points  in  the  case  of  the  second  chamber).  The  flow  of  the  hot 
gas  through  a  limited  area  into  the  void  spaces  forward  of  the  bearing 
plate  caused  a  partial  consumption  of  the  chamber  wall.  The  extent  of  the 
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damage  was  a  furrow  in  the  steel  wall,  roughly  one-half  inch  deep,  and 
extending  one  to  three  Inches  axially  forward  from  the  point  of  breakthrough. 

The  damage  was  confined  to  a  circumferentially  narrow  area  which  was  sharply 
defined.  According  to  the  hypothetical  beryllium  combustion  model,  the 
gases  flowing  into  the  forward  section  of  the  motor  should  have  been  highly 
oxidizing.  The  major  oxygen  bearing  constituent,  water,  reacts  exothermically 
with  the  metal.  Thus,  the  metal  was  burned  away  rather  than  simply  melted. 

When  properly  isolated,  the  filled  portion  of  the  chamber  need  not  act  as 
a  pressure  vessel.  The  restoration  of  both  ADOBE  motor  cases  was  therefore 
reduced  to  supplying  a  more  positive  seal  between  the  working  and  wood 
filled  sections  of  each  chamber.  Both  chambers  were  machined  on  the  ID 
from  the  aft  flange  to  the  plane  of  the  original  bearing  plate  surface. 

This  operation  removed  0.070  inch  from  the  ID  and  provided  a  32  finish  to 
the  surface.  A  new  aluminum  bearing  plate  was  machined  for  each  of  the 
ADOBE  chambers.  These  plates  were  fitted  into  the  chambers  with  an  0-ring 
seal  on  the  outer  diameter.  In  one  case,  this  plate  was  inserted  on  top 
of  the  existing  wood  filler  blocks  and  unsealed  steel  bearing  plate.  No 
rework  of  the  chamber  wall,  other  than  that  required  to  provide  a  suitable 
surface  for  an  0-ring  seal,  was  effected.  On  the  second  chamber,  the 
existing  wood  filler  blocks  and  steel  bearing  plate  were  removed.  A  new 
set  of  blocks  was  machined  with  a  stack  up  length  equal  to  the  original 
length  of  both  the  blocks  and  the  plate. 

For  the  remaining  end-burner  tests,  the  existing  chamber  liners  were 
shortened  by  an  amount  equal  to  the  thickness  of  the  aluminum  plate  and 
slotted  an  additional  0.75  inch  at  the  grain  end.  The  longer  slot  was 
necessary  to  accommodate  an  asbestos  phenolic  disk,  with  a  diameter  equal 
to  that  of  the  propellant  grain,  inserted  into  the  liner  forward  of  the 
grain.  Each  asbestos  phenolic  disk  was  fitted  with  an  0-ring  seal.  Thus, 
the  disk  provided  a  redundant  pressure  seal  as  well  as  increased  insulation 
capability.  Figure  107  Illustrates  the  reworked  ADOBE  chamber  configuration 
as  used  in  Tests  T-3  through  T-7.  For  convenience  of  comparison  with 
Figure  51  of  Reference  1,  the  chamber  illustrated  is  the  one  in  which  the 
existing  wood  filler  blocks  and  bearing  plate  were  retained. 

The  motor  case  designs  used  in  conjunction  with  the  internal-burning  grains 
are  illustrated  in  Figures  108,  109  and  110  for  the  Types  I,  II  and  III  internal 
burning  grain  designs,  respectively.  The  conversion  from  the  end-burning 
grain  series  requires  only  minor  modifications  Additional  thicknesses  of 
filler  blocks  allow  the  grains  of  varying  lengths  to  be  butted  against  the 
aft  closure  insulator.  Since  these  internal  burning  grams  have  no  chamber 
liners  other  than  the  micarta  tubing  into  which  they  were  bonded,  the 
asbestos  phenolic  disk  seals  directly  against  the  chamber  wall.  The  length 
tolerance  buildup  of  the  various  components  within  the  chamber  are  accounted 
for  by  a  series  of  aluminum  pancake  shims  which  can  be  inserted  between  the 
aluminum  bearing  plate  and  the  asbestos  phenolic  disk.  This  ensures  the 
required  close  fit  between  the  aft  end  of  the  grain  and  the  aft  closure 
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closure  insulation.  Sealing  of  the  grain  to  closure  insulation  is 
accomplished  with  a  Cab-O-Sil  filled  Genepoxy-Versamid  resin  cured  at 
room  temperature.  The  head  end  of  the  grain  is  bonded  to  the  asbestos 
phenolic  disk  with  RTV-60.  The  gap  between  the  grain  OD  and  the  oversized 
chamber  ID  is  virtually  eliminated  by  Insertion  of  two  aluminum  clam  shell 
shims. 

(3)  (U)  Nozzle  Design 

During  this  reporting  period,  the  remainder  of  the  small  scale  nozzles 
were  designed  (nozzles  for  Tests  T-8  and  T-16  through  T-22).  The  individual 
geometries  of  these  eight  nozzles  are  essentially  the  same  as  those 
pictured  in  Figures  53,  54  and  55  of  Reference  1.  The  important  differences 
in  materials  and  configuration  details  are  described  below. 

The  nozz?e  for  Teat  T-8  was  originally  designed  to  be  fired  with  the 
aluminum  analog  of  Arcane  24F  in  an  end-burner  configuration.  This  nozzle 
has  been  redesigned  to  the  same  configuration  as  that  of  T-10  which  is 
illustrated  in  Figure  53  of  Reference  1.  Test  T-8  will  utilize  Arcocel  389, 
the  aluminum  analog  of  the  Arcocel  191F  used  in  Test  T-10,  and  the  Type  II 
grain  configuration  as  in  Test  T-10. 

The  nozzle  designed  for  Test  T-16  is  illustrated  in  Figure  111.  It  differs 
ftom  the  nozzle  shown  in  Figure  53  of  Reference  1  in  that  the  pyrolytic 
graphite  throat  has  been  replaced  by  a  tapered  tungsten  insert  with  a  single 
pyrolytic  graphite  washer  upstream  of  the  insert.  Except  for  the  throat 
insert,  all  configuration  details  are  the  same  as  those  used  in  the  other 
conventionally  contoured  nozzle  internal-burning  grain  tests.  Test  T-16 
was  designed  specifically  to  compare  the  performance  of  tungsten  with  * 
pyrolytic  graphite  under  idintical  conditions  of  propeli'.nt  type,  config¬ 
uration,  throat  size,  and  firing  conditions  (l.e,,  a  comparison  with 
Test  T-9). 

I 

The  nozzle  design  for  Test  T-17  is  shown  in  Figure  112.  This  nozzle  is 
identical  to  that  of  T-16  except  for  the  substitution  of  a  carbon  cloth 
phenolic  entrance  for  the  graphite  entrance  of  T-16.  This  test  will  pro¬ 
vide  relative  performance  characteristics  of  these  entrance  materials  and 
their  influence  on  the  throat  ins.rt  performance  under  similar  test 
conditions. 

Test  T-18  will  utilize  the  nozzle  design  sho^m  in  Figure  113.  The  basic 
configuration  of  this  nozzle  is  identical  to  the  submerged  nozzle  shown 
in  Figure  55  of  Reference  1,  with  the  tungsten  Insert  substitution  as  in 
Test  T-16.  Thus,  T-18  is  a  materials  comparison  test  with  T-12,  its 
pyrolytic  graphite  counterpart. 
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Tne  nozzle  designed  for  Test  T-19  Is  identical  in  all  respects  to  T-18, 
shown  in  Figure  113.  Test  T-19  will,  however,  utilize  Arcocel  319BRF  in 
a  Type  I  grain  configuration  whereas  T-16,  T-17  and  T-18  are  to  be  tested 
with  ArcoceJ  191F  in  the  Type  I  grain  configuration.  Test  T-19  will 
therefore  serve  to  compare  the  effect  of  double  base  propellant  formulation 
differences  on  identical  nozzle  designs. 

Test  7-20  will  employ  the  nozzle  design  shown  in  Figure  114.  It  is  identical 
to  the  design  pictured  in  Figure  53  of  Refei^nce  1,  with  a  substitution 
of  carbon  cloth  phenolic  foi  the  graphite  entrance.  It  is  Ide  tical  to 
Test  T-9  in  terms  of  propellant  type  and  configuration.  Test  T-20 
therefore  provides  a  comparison  with  T-9  that  parallels  tl  entrance 
materials  comparison  of  tungsten  nozzles  T-17  and  T-16. 

The  design  of  nozzles  T-21  end  T-22  are  identical  to  each  other  and  to  the 
nozzle  design  fur  T-13  shown  in  Figure  54  of  Reference  I.  The  nozzles 
for  T-21  and  T-22  are  llluatratea  in  Figure  115.  Tests  T-21  and  r-22  will 
utilize  the  Arcocel  191F  and  Arcane  54F  propellant,  respectively.  The 
propellant  will  be  cast  in  an  end  burning  configuration  similar  co  that 
of  Tests  T-1  through  T-7,  but  will  be  positioned  as  close  as  possible  to 
the  aft  closure  insulation.  Figure  115  shows  the  relationship  of  the 
propellant  grains  to  the  aft  closure  insulation  and  nozzle.  These  tests 
will  be  used  to  study  the  effects  of  non-equilibrium  combustion  on  the 
nozzle  and  closure  Insulation  performance. 

A  two-piece  aft  closure  insulation  section  will  be  used  in  Test  T-15 
through  T-22.  The  section  adjacent  to  the  steel  closure  is  to  be  reused. 

Two  such  sections  were  machined  from  the  aft  closure  Insulations  from  the 
aluminum  end-burner  tests  T-5  and  T-6.  These  reuseable  sections  differ 
slightly,  as  indicated  in  Figures  112  and  113,  to  accommodate  the  two  basic 
nozzle  types.  Individual  f;  ame  side  sections  will  be  made  for  each  test 
using  the  two-piece  closure  insulation.  The  two  sections  will  be  bonded 
together  with  RTV-60. 

b.  (CJ  Test  Results 

Ten  saiall  motor  tests  were  conducted  during  this  reporting  period.  The 
results  of  the  first  seven  (end  burning  yrains)  designated  T-1  through  T-7 
are  presented  here.  The  data  i  ascoci-iced  empirical  analyses  of  these 
tests  have  been  classified  into  three  categories.  The  first  category  con¬ 
tains  ballistic  data  which  include  determf *■  ions  of  characteristic 
exhaust  velocities,  specific  i.apulses,  and  t.jc  generation  of  the  various 
cJiamber  pressui ?  and  thrust  versus  time  curves.  The  second  category  is 
nozzle  performance.  This  area  encompasses  general  throat  dimension  changes 
as  determined  from  before  and  after  test  measurements,  as  well  as  including 
a  special  treatment  of  nozzle  throat  radius  change  as  a  function  of  firing 
time.  The  ultimate  values  of  throat  radii  changes  as  functions  of  time  are 
derived  from  three  basic  approaches,  each  of  which  is  discussed  In  the 
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figure  115.  NOZZLE  DESIGN  FOR  TE‘ 
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the  following  paragraphs.  The  third  category  of  test  results  is  thermal 
corrosion  and  post-test  analy'^is  data.  A  di.  suasion  of  the  thermal  data 
is  presented  in  Paragraph  2.5.  The  interpretation  of  corrosion-erosion 
measurements  is  given  in  Paragraph  2.3  and  the  post  -test  analysis  results 
are  given  in  P£  -agraph  3.4.  The  other  two  categories  are  treated  below. 

(1)  (C)  Ballistic  Data 

The  ballistic  performance  was  computed  for  the  first  seven  motor  tests  in 
order  that  (1)  the  overf-11  motor  and  propellant  j  .-rfo’-mance  could  be  com¬ 
pared  with  similar  configurations  tested  previously  under  other  contracts, 
and  (2)  the  degiee  of  propellant  combustion  could  be  examined  more  closely. 

Th''  integral  average  throat  area  (including  the  effects  of  throat  deposition 
and/or  erosion)  together  with  the  nozzle  exit  diameter,  exit  half  angle, 
and  average  specific  heat  ratio,  were  compiled  at  Aeronutronic  and  delivered 
to  Telecomputing  Services,  Inc.  (servicing  AFRPI  i  for  use  in  performance 
calculations.  The  following  is  a  list  of  the  parameters  computed  from  the 
raw  test  data:  (1)  action  time,  (2)  apparent  action  time  (pressure), 

(3)  '.gnltion  delay  time,  (4)  maximum  chamber  pressure,  (5)  pressure-burn 
time  integral,  (6)  average  rhamber  pressure  for  burn  time,  (7)  total 
pressure  time  integral,  (8)  maximum  thrust,  (9)  thrust-action  time  integral, 
(10)  average  thrust  from  action  time,  (11)  exit  pressure,  (12)  measured 
impulse,  (1^)  specific  impulse  corrected  to  1000  psia  and  optimum  expansion, 
(14)  specific  impulse  corrected  to  zero  degree  half  angle,  (15)  character¬ 
istic  exhaust  velocity,  (16)  mass  discharge,  (17)  discharge  coefficient, 
and  (18)  thrust  coefficiei:t . 

The  action  time,  as  computed  by  the  TSI  computer  program,  is  based  on  the 
maximum  thrust  attained  during  the  run.  The  starting  time  point  corre¬ 
sponds  to  the  tinKj  during  the  startup  transient  when  the  chamber  pressure 
is  10  percent  of  the  maximum  chamber  pressure  that  occurs  during  the  run. 
Similarly,  the  burnout  time  is  designated  as  the  time  when  the  chamber 
pressure  is  10  percent  of  the  maximum  ettained  pressure  (see  Figure  116). 
Normally,  in  specific  impulse  calculations,  the  actlor.  time  is  based  on  the 
intersection  of  the  start  (or  tailoff)  transient  slope  and  the  more 
horizontal  burn  pressure  slope  (see  Figure  117)  .  Again,  in  the  more  con¬ 
ventional  method  for  establishing  action  time,  the  time  which  corresponds 
to  the  pressure  which  is  10  percent  of  the  pressure  designated  or  illus¬ 
trated  in  Figure  117  is  chosen  as  the  start  or  end  point  (as  appropriate) 
defining  the  period  of  propellant  burning.  In  either  method,  the 
designated  action  time  is  somewhat  arbitrary.  However,  the  resulting  value 
of  specific  impulse  can  be  significantly  altered  depending  on  which  method 
was  used.  Table  XXVI  presents  both  the  TSI  and  Aeronutronic  (ADP)  computed 
specific  impulse  values. 

The  characteristic  exhaust  velocity,  (C*)  in  most  cases,  is  computed  using 
the  average  of  the  initial  and  final  nozzle  throat  diameters.  However, 
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FIGURE  116.  ACTION  TIME  DEFINITION  -  TSI  METHOD 
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FIGURE  117.  ACTION  TIME  DEFINITION  -  ADP  METHOD 
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TABLE  XXVI.  BALLISTIC  DATA,  TESTS  T-1  THROUGH  T-7 
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this  value  can  be  somewhat  erroneous,  especially  when  the  nozzle  Involved 
experiences  both  liquid  or  solid  mecal  oxide  deposition  (which  decreases 
the  throat  area)  and  chemical  corrosion  or  mechanical  erosion.  To  Illustrate 
the  potential  error  In  computing  the  values  of  C  by  the  more  conventional 
m|thod,  which  uses  the  average  between  the  Initial  and  final  throat  diameters, 
C  computations  were  made  for  the  first  seven  motor  firings  using  the 
Instantaneous  throat  radius  history  derived  from  Figures  139  through  145. 

The  following  equation  for  C*  was  used  for  these  calculations: 


where 


t^  =  action  time  (sec) 

r  =  throat  radius  (inches) 

6  =  change  in  throat  radius  (inches) 

d)  =  weight  of  propellant  (Ibm) 

F  =  chamber  pressure  (psig) 
c 

P  =  ambient  pressure  (psia) 
g  =  gravitational  constant  (ft  Ibm/lbf  sec^) 

Note  that  the  second  order  change  in  throat  radius  term  has  been  neglected. 
The  resulting  values  of  C*  are  tabulated  in  Table  XXVI  along  with  the  TSI 
values  (which  were  computed  with  the  average  of  the  in'tial  and  final 
throat  diameters). 

It  is  anticipated  that  later  in  this  program,  the  relation  between  the 
theoretical  C*  and  pressure  will  be  computed  for  each  of  the  propellants 
used.  At  that  time,  a  theoretical  C*  will  be  computed  for  each  firing. 

The  theoretical  value  will  be  a  pressure  dependent  time  averaged  value 
which  can  be  compared  directly  with  both  the  present  ADP  and  TSI  computed 
values.  However,  for  cursory  comparison,  the  theoretical  equilibrium  C* 
for  the  nominal  800  psia  chamber  pressure  is  presented.  A  comparison 
with  this  theoretical  value  of  C*  is  not  necessarily  meaningful. 

Maximum  and  average  values  of  chamber  pressure  and  thrust  for  Tests  T«1 
through  T-7  are  listed  in  Table  XXVI  with  the  aforementioned  calculated 
values  of  C*  and  specific  impulse.  Figures  118  through  124  illustrate  the 
chamber  pressure  versus  t£me  histories  of  these  first  seven  tests.  For 
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FIGURE  118.  CHAMBER  PRESSURE  AND  THRUST  VERSUS  FIRING  TIME  TEST  T-1 
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FIGURE  122.  CHAMBER  PRESSIJRE  AND  THRUST  VERSUS  FIRING  TIME  TEST  T-S 
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FIGURE  124.  CHAMBER  PRESSURE  AND  THRUST  VERSUS  FIRING  TIME  TEST  T-7 
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convenience,  thrust  v,.rf’us  time  for  each  of  these  motor  tests  is  also 
plotted  with  pressure  in  Figures  118  through  124.  The  zero  time  selected  for 
use  in  the  thermal  analyses,  described  in  Paragraph  2.5,  is  indicated  on 
the  time  scale  in  each  figure. 

(2)  (C)  Nozzle  Performance 

(a)  (U)  General  Data  and  Analysis  Requirements 

Measurements  of  nozzle  throat  diameters  before  and  after  firing  were  made 
for  Tests  T-1  through  T-7.  These  values  are  listed  in  Table  XXVII  with 
generalized  values  of  erosion  rates.  The  generalization  of  nozzle  perform¬ 
ance  as  tabulated  in  Table.  XXVII  by  no  means  presents  a  complete  picture  of 
nozzle  behavior  during  a  given  firing  cycle,  nor  does  it  permit  a  true 
evaluation  of  motor  performance. 

A  deposit  on  the  nozzle  throat  affects  nozzle  material  performance  signifi¬ 
cantly.  There  are  three  primary  ways  in  which  the  metal  oxide  deposit  acts 
upon  a  nozzle  throat.  Each  of  these  actions  is  protective  in  nature.  The 
deposit  provides  a  physical  barrier  against  erosive  attack  from  abrasive 
particles  in  the  propellant  gas  stream.  It  also  provides  protection  against 
the  corrosive  reaction  of  the  gas  stream  with  the  nozzle  flame  front 
materials.  The  third  protective  mechanism  is  the  significant  reduction  in 
heat  transferred  to  the  nozzle  wall  due  to  the  relatively  low  thermal  con-: 
ductlvity  of  the  metal  oxide  deposit.  Since  the  susceptibility  of  the 
nozzle  to  the  corrosion/erosion  mechanizisms  is  a  strong  function  of 
temperature,  the  reduction  of  nozzle  thermal  response  is  inherently 
protective. 

The  effect  on  motor  performonce  due  to  nozzle  dimension  changes  that  occur 
during  firing  is  demonstrated  by  the  variation  in  values  of  C*  computed  by 
TSI  as  compared  to  those  computed  by  Aeronutronic  (Table  XXVI) ,  The 
characteristic  exhaust  velocities  determined  by  Aeronutronic  take  into 
account  instantaneous  throat  diameter  changes  that  occur  due  to  either  an 
erosion/corrosion  mechanism  and/or  to  the  coating  of  the  nozzle  throat  with 
a  metal  oxide  deposit. 

A  sequential  development  of  analyses  for  estimating  throat  radius  change, 
as  a  function  of  firing  time,  for  Test  T-1  through  T-7  is  presented  in 
the  following  paragraphs.  The  first  technique  described  is  the  method  of 
calculating  deposition  as  evolved  for  Aeronutronic  simulator  tests 
(simulator  deposition  data  will  eventually  be  compared  with  the  solid  pro¬ 
pellant  test  data).  The  development  of  the  method  is  then  presented  and 
its  limitations  are  discussed.  A  method  which  utilizes  thrust  to  pressure 
ratios  for  calculating  Instantaneous  throat  radius  changes  is  also  derived 
and  discussed.  Finally,  curves  of  throat  radii  changes  as  functions  of 
firing  times  which  are  derived  from  a  complementary  usage  of  the  and 
F/P  methods  are  presentea  in  Figures  139  through  145. 
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(b)  (U)  The  C  Method  for  Calculating  Throat  Radius  Changes 

In  prior  programs  condo  ted  by  Aeronutronic  in  which  the  solid  propellant 
simulator  has  been  utilized,  the  ballistic  equation  which  relates  C*  to 
chamber  pressure,  propellant  flow  rate  and  ..ozzle  throat  area  has  been 
employed  to  predict  nozzle  throat  geometry  changes  that  occur  during  a 
motor  firing.  This  has  been  possible  because  the  simulator  maintains  a 
constant  weight  flow  rate  of  propellant,  dS,  throughout  any  given  firing. 
This  constant  o)*  coupled  with  a  C*  value,  which  is  essentially  constant 
for  any  specific  simulator  propellant  mixture  ratio,  permits  a  simplifica¬ 
tion  of  the  general  ballistic  equation  as  shown  below 

p  A  2 

C*  ==  2  (10) 

ci.' 


where 

P  =  motor  chamber  pressure,  psla 
c 

C  =  characteristic  propellant  velocity,  fps 

2 

=  nozzle  throat  area,  in. 

-  acceleration  due  to  gravity  (constant) 
ob  =  propellant  weight  flow  rate,  Ib/sec 


Equation  (10)  is  satisfied  at  any  and  all  instances  throughout  a  given 
firing  and  therefore: 


(PJ  A*  g. 


C*  = 


0) 


(11) 


where . 

(p  )  =  initial  chamber  pressure,  psia 

^0 

p'  =  chamber  pressure  at  an,  rime  during  firing,  psia 
c 

+  .  2 
A  =  original  throat  area,  In. 

f\ 

A^  =  throat  area  at  any  time  during  firing,  In.^ 
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(12) 


but  since  C  and  (bare  constants,  Equation  (U)  can  be  reduced  to 

(P  )  A*  =  t'  A' 
c„  c  t 


or 


where  the  subscript,  f,  refers  to  final  values. 

In  Equation  (14),  (At)f  and  A*  are  measured  values,  and  (Pc)f  is  determined 
from  the  pressure-time  trace  of  the  motor  firing.  The  value^of  (P^)  is 
determined  in  this  manner  since  some  difficulty  can  be  encountered  in  making 
a  judgment  of  where  (Pc)^  occurs,  especially  if  it  is  masked  by  early 
deposition  or  erosion,  or  if  the  startup  transient  is  prolonged.  Ecuation 
(13)  can  be  converted  for  direct  calculations  of  deposition  (and/or  erosion) 
by  utilizing  it  in  the  form  of  Equation  (15)  below. 


£ 

TT 


(for  deposition) 


(15) 


■6  =  decrease  in  throat  radius,  in. 


r^  =  original  throat  radius,  in. 


or 


7T  “  ^^o 


(for  erosion) 


(16) 


+(5  =  increase  in  throat  radius,  in. 
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Initially,  this  approach  was  attempted  in  conjunction  with  the  solid  pro¬ 
pellant  and  burning  grains  fired  during  the  present  contract  by  assuming  a 
constant  d)  .  Calculated  changes  in  throat  dimensions  were  found  to  be 
unrealistically  high  and  indicated  the  fallacy  of  assuming  cb  to  be  a  con¬ 
stant  or  average  value.  The  very  fact  that  deposition  does  occur,  and 
therefore  nozzle  geometry  changes  are  effected,  precludes  the  use  of  the 
aforementioned  equation  for  calculating  deposition.  In  this  case,  we  have 
a  solid  propellant  grain  which,  in  the  case  of  each  propellant  formulation, 
is  pressure  sensitive  to  varying  degrees  in  terms  of  burn  rate  and  mass  or 
weight  flow  rate.  Thus,  as  deposition  results  in  throat  restriction  and 
an  accompanying  chamber  pressure  rise,  variations  in  burn  rate  and  flow 
rate  are  encountered.  This  is  not  a  problem  in  the  case  of  the  Aer''nutronf c 
solid  propellant  simulator  where  flow  rate  meteiing  compensates  for  chamber 
pressure  variations.  Eventually,  it  is  intended  to  corpare  the  alumina 
deposition  data  calculated  in  this  manner,  from  Contract  AF  04(611)-990A, 
with  that  obtained  from  Tests  T-5  through  T-7. 

(c)  (C)  The  Method  for  Calculating  Nozzle  Throat 
Radius  Changes 

Noting  the  restrictions  of  the  C*  method,  the  proble-n  then  becomes  one  of 
utilizing  a  relationship  between  throat  geometry  changes  and  chamber 
pressure  (or  a  parameter  related  to  chamber  pressure  in  which  flow  and 
burn  rate  changes  are  compensated  for).  The  Kjj  method  is  ideally  cutted 
to  this  purpose  since  the  simple  and  burning  grain  would  have  an  essen¬ 
tially  neutral  pressure-time  history,  except  for  nozzle  throat  area  change 
effect.  The  calculation  of  nozzle  throat  radius  change  as  a  function  of 
firing  time  utilizing  the  Kn  method  is  accomplished  in  the  following 
manner. 

The  first  step  is  to  establish  burn  rate  curves  as  a  function  of  chamber 
pressure  for  each  of  the  propellants  used.  This  is  done  by  utilizing 
strand  burner  data  and  is  shown  for  each  of  the  seven  propellants  used  in 
this  program  in  Figures  125  through  131.  A  preliminary  curve  for  each 
propellant  can  then  be  determined  using  the  point  slope  method.  The 
value  of  Kp  for  the  seven  propellants  at  800  psia  is  taken  from  data 
supplied  by  Atlantic  Research  Corporation,  the  manufacturer  of  the  pro¬ 
pellant  grains.  This  point,  coupled  with  the  slope  which  is  the  comple¬ 
ment  of  the  established  burn  rate  slope,  defines  the  preliminary  curve. 
These  curves  are  plotted  as  a  function  of  chamber  presrure  in  Figures  125 
through  '31.  For  convenience  they  are  shown  on  the  same  plots  as  the 
associ"  burn  rate  curves.  An  interr-'’tation  of  opera  '.ng  chamber 
pressu.  .without  deposition  and/or  e  on)  is  made  from  the  chamber 
pressure  versus  time  curves  of  the  ac  .1  motor  firing.  Utilizing  this 
chamber  pressure,  Kj,  is  recalcu’ated  irom  Equation  (17) 


"  A* 


measured  constant 
★ 

A 
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where 

S.  =  propellant  burn  surface  (assumed  constant  for  end  burning  grains). 

D 

This  value  for  each  individual  test  is  then  used  to  establish  an  adjusted 
curve  having  the  same  slo."  r.j  t^e  experimental  curve.  These  curves  are 
also  shown  in  Figu  res  125  through  131.  The  assumption  that  propellant  sur¬ 
face  area  is  constant  throughout  any  given  firing,  even  for  an  end  burning 
grain,  is  not  entirely  valid.  The  high  diameter  to  web  ratios  of  the 
grain  configuration  used,  coupled  with  the  insulating  properties  of  the 
surrounding  grain  inhibitor,  tend  to  produce  some  coning  of  the  propellant 
grain.  This,  in  turn,  will  distort  the  Kn  curve  to  some  extent.  It  is 
felt,  however,  that  the  magnitude  of  this  effect  is  sufficiently  small 
to  permit  its  neglect  in  these  calculations. 

The  final  process  in  the  determination  of  nozzle  throat  radius  charge  as 
a  function  of  firing  time  follows  essentially  the  same  line  of  reasoning 
as  that  used  in  the  pressure  ratio  method  (Equations  (15)  and  (16)).  In 
this  case,  howe’  r,  specific  propellant  burn  rate  and  flow  rate  variations 
are  accounted  for  by  using  as  a  measure  of  pressure  changes  rather  than 
the  ratio  of  pressure  change  alone.  The  mechanics  of  this  process  are 
shown  in  Equation  (18). 


K 


^  from  Equation  (17) 
K. 

n 


(IS) 


where 

S,  =  a  measured  constant  propellant  surface  area,  in.' 


K' 

n 


or 


is  determined  from  the  adjusted  curve  at  various  values  of 
Pj,  throughout  the  firing 


-  'o-  "n/t 


K' 

n 


(for  deposition) 


(19) 


or 


+6 


4 


TT  K  ' 


(for  erosion) 


(20) 
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Figures  132  through  138  show  the  results  of  the  calculations  c  f  (s  "s  a 
function  of  firing  time  for  each  of  the  seven  propellant  for*  '  t!>us 
tested.  The  deposition  curves,  calculated  by  the  method  described  above 
(Kjj  Method),  are  plotted  on  the  same  scale  as  those  derived  by  the  F/P 
method  which  is  described  in  the  following  paragraph.  The  F/P  method  of 
deposition  calculation  complements  the  Kjj  method.  The  nozzle  geometry 
and  propellant  grain  configurations  used  in  these  tests  are  shown  in 
Figures  52  and  47,  respectively,  of  Reference  1. 

(d)  (C)  The  F/P  Method  for  Calculating  Nozzle  Throat 
Radius  Change 

The  definition  of  the  instantaneous  nozzle  throat  radius  during  a  test 
run  is  necessary  to  properly  evaluate  the  thermal  and  ballistic  per" 
formance  of  the  motor.  If  the  instantaneous  propellant  burning  surface 
area  is  constant,  or  otherwise  knotm,  and  if  sufficient  burn  rate  data 
are  available  to  compute  the  propellant  burn  rate  pressure  exponent, 
then  the  method  can  be  easily  used  to  determine  any  changes,  in  nozzle 
throat  radius  which  may  have  occurred  during  the  test  run.  However, 
where  either  or  both  the  instantaneous  burn  surface  or  the  burn  rate 
pressure  exponent  are  not  known,  it  is  necessary  to  use  the  relationship 
between  the  delivered  thrust  and  chamber  pressure  to  estimate  changes  in 
this  nozzle  throat. 

The  F/P  method,  described  here,  uses  the  basic  relationship  between  the 
thrust,  chamber  pressure,  and  throat  area  described  in  Equation  (21). 


The  thrust  coefficient,  Cp,  in  this  equation  is  a  variable  and  is  assumed 
to  be  dependent  only  on  chamber  pressure.  The  F/P  method  is  based  on  the 
assumption  that  the  pressure  dependency  of  the  delivered  thrust  coefficient 
will  tend  to  be  related  to  the  pressure  dependency  of  the  ideal  thrust 
coefficient  by  a  constant  of  multiplication  (K) ,  as  defined  in  the  follow¬ 
ing  equation. 


(22) 


Thu  once  the  constant  is  established  for  the  inilvidual  r"n,  then  the 
thi  r.  area  can  be  computed  using  Equation  (23)  an^  the  measured  thrust 
to  essure  ratio. 


7-fl 

7-1 


(23) 
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FIGURE  133.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME  TEST  T-2 
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FIGURE  134.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME  TEST  T-3 
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CHANGE  IN  THROAT  RADIUS,  6  (MILS) 
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FIGURE  135.  CHANGE  IN  NOZZLE  THROAT  RADII'S  VERSUS  FIRING  TIME  TEST  T-'r 
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FIGURE  138.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME  TEST  T-7 
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To  further  simplify  the  analysis,  It  was  assumed  that  the  nozzle  area  ratio 
does  not  change  during  the  run  (l.e.,  throat  deposition  or  erosion  does  not 
significantly  alter  the  area  ratio).  In  addition,  It  was  assumed  that  the 
specific  heat  ratio  does  not  change  significantly  at  chamber  pressures 
above  500  psla.  The  following  Is  a  brief  discussion  of  the  application  of 
this  basis  method. 

The  first  step  Is  to  establish  a  plot  of  the  Ideal  thrust  coefficient  as 
a  function  of  chamber  pressure.  The  ambient  pressure  and  the  nozzle 
expansion  ratio  are  known  parameters,  leaving  the  selection  of  the  effec¬ 
tive  specific  heat  ratio  (7)  as  the  only  difficult  parameter  to  establish. 
The  equilibrium  combustion  properties  were  examined  for  each  propellant 
considered  In  this  program.  It  was  found  that  the  calculated  equilibrium 
specific  heat  ratio  did  not  vary  more  than  5  percent  between  the  throat 
and  this  exit  plane  on  any  Individual  propellant  or  more  than  7  percent 
between  propellants.  Consequently,  only  one  Ideal  thrust  coefficient 
curve  was  drawn  for  the  analysis  of  the  first  seven  motor  tests  of  this 
program.  The  value  of  the  average  effective  specific  heat  ratio  used  In 
establishing  this  plot  was  »  1.10. 

The  second  step  is  to  determine  the  constant  of  multiplication  (K)  that 
relates  the  actual  thrust  -.oefficient  to  the  ideal.  This  step  is  pre¬ 
dicated  on  the  ..equlrement  that  there  is  some  point  during  the  run  where 
the  throat  area  Is  known.  Provided  the  Instrumentation  data  recording 
lag  Is  negligible,  the  start  transient  and  the  first  second  or  so  of  the 
run  should  provide  the  best  place  to  establish  the  constant  (K).  This  Is 
done  by  simply  plotting  KCp  (see  Equation  (22))  using  delivered  thrust 
and  pressure  and  the  initial  throat  area  (A*).  If  several  points  are 
plotted  using  measured  values  during  the  startup  transient  and  the  first 
few  seconds  of  the  run,  it  will  be  noted  that  the  KCp  (delivered)  curve 
tends  to  parallel  the  ideal  Cp  curve.  However,  at  some  point  the  curves 
will  begin  to  diverge,  indicating  metal  oxide  deposition  or  erosion 
depending  on  the  direction  of  the  deviation.  The  constant  of  multiplica¬ 
tion  K  which  relates  the  two  Cp  curves  can  be  established  with  the  data 
which  are  in  the  time  period  where  the  two  curves  tend  to  be  parallel. 

The  third  and  final  step  is  to  establish  the  nozzle  throat  area  or  throat 
radius  as  a  function  of  run  time.  This  is  done  by  solving  for  A*,  using 
Equation  (22),  K,  the  pressure  dependent  ideal  thrust  coefficient  curve, 
and  the  time  dependent  measured  thruat  to  pressure  ratio. 

The  F/P  method  provides  a  fair  estimate  of  the  instantaneous  throat  area 
change  even  though  there  are  several  critical  assumptions  required.  Prob¬ 
ably  the  most  significant  error  in  this  method  is  introduced  by  metal 
oxide  deposition  on  the  exit  cone.  The  relationship  between  thrust  and 
pressure  can  be  significantly  altered  when  sufficient  material  is  deposited 
on  the  exit  cone  to  change  the  effective  nozzi  expansion  ratio  or  to  cause 
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flow  separation.  Errors  caused  by  exit  cone  deposition  can  be  Identified 
during  a  given  run  when  It  Is  observed  that  abrupt  changes  In  the  thrust 
are  not  accompanied  by  similar  changes  In  the  chamber  pressure.  If  any 
such  phenomena  occur  at  any  time  during  a  run,  then  It  Is  possible  that 
the  Instantaneous  throat  areas  computed  by  this  method  are  Inaccurate  at 
other  times  during  the  run.  Motor  Test  T-7  provides  a  good  example  of  this 
phenomenon.  Note  In  Figure  124  that  the  thrust  and  chamber  pressure  appear 
to  be  rising  normally  during  the  first  few  seconds  of  the  firing.  At 
about  4  seconds  Into  the  run,  the  thrust  suddenly  drops.  There  Is  no 
corresponding  drop  In  chamber  pressure.  It  Is  possible  at  this  point 
that  an  accumulation  of  exit  cone  deposits  were  dislodged.  If  the  constant 
K  were  computed  during  the  start  transient  as  was  done  In  Figure  138 ,  then 
a  significant  error  may  be  Induced  In  the  estimated  throat  area  (or  throat 
radius  change,  5,  as  shown  In  Figure  138.  Consequently,  It  Is  recommended 
that  this  method  be  used  In  cases  where  confidence  In  the  method  Is 
sufficiently  low  to  warrant  this  extra  effort  required  and  only  In  cases 
where  exit  cone  deposition  does  not  obviously  compromise  the  results. 

(e)  (C)  Combined  and  F/P  Method  for  Motor  Tests 

T-1  through  T-7 

Estimated  changes  in  nozzle  throad  radii  vs  firing  times  for  Tests  T-1 

through  T-7  were  made  using  a  composite  of  the  methods  of  deposition 

calculation  described  In  the  preceding  paragraphs.  These  throat  changes, 

due  to  deposition  and/or  erosion,  are  presented  in  Figures  139through  145. 

The  manner  in  which  the  K  -F/P  curves  were  composited  is  described  below, 

n 

For  Test  T-1  (Figure  13^,  the  F/P  method  in  its  entirety  was  chosen  as 
being  more  representative  of  the  nozzle  throat  behavior  during  firing. 
Indicators  were  that  there  was  a  significant  amount  of  burn  rate  variation 
throughout  the  firing  due  to  irregular  grain  burning  and/or  erosive  burning 
which  invalidated  the  Kn  method  of  calculating  the  throat  changes  that 
occurred.  This  is  borne  out  by  the  excessive  theoretical  nozzle  erosion 
which  the  method  predicts  (Figure  132).  The  deposition  spike  on  the 
F/P  method  curve  which  occurs  at  7-1/2  seconds  into  the  firing,  as  shown 
in  Figure  132  ,  was  judged  to  be  the  result  of  deposit  being  blown  off  the 
exit  cone,  and  not  representative  of  throat  deposition.  For  Tests  T-2, 

T-3,  T-4,  (Figures  140  ,  141  and  142),  the  method  was  considered 
satisfactory  for  use  in  calculating  the  nozzle  throat  changes,  except  for 
the  initial  erosion  of  T-3.  The  method  cannot  account  for  predeposition 
erosion  which  is  accompanied  by  a  chamber  pressure  rise.  Therefore,  the 
F/P  method  was  utilized  for  the  Inlt-;:;  7  seconds  of  firing  in  the  case  of 
T-3.  The  F/P  meth''-*  was  utilize-^  ..c-  the  calculation  of  throat  radius 
changes  during  t**'  firing  of  Tesi,  T-5  (Figure  14^.  The  irregular  throat 
response  at  15  seconds  was  dei.rrd  to  be  deposit  sloughing  off  the  exit 
cone.  Tests  T-6  and  T-7  (Figures  144  and  145),  again  used  the  method  for 

deposition  calculations  except  for  the  Initial  erosion  of  T-6  which  was 
taken  from  the  F/P  method. 
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FIGURE  141.  ESTIMATED  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME 
USING  A  COMPOSITE  OF  THE  K  AND  F/P  METHODS  TEST  T-3 
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TIME,  t (SEC)  F04159  C 

FIGURE  142.  ESTIMATED  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS 
FIRING  TIME  USING  A  COMPOSITE  OF  THE 
K  AND  F/P  METHODS  TEST  T-4 
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FIGURE  144.  ESTIMATED  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME  USING 

A  COMPOSITE  OF  THE  K  AND  F/P  METHODS  TEST  T-6 
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FIGURE  145 .  ESTIMATED  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME 

USING  A  COMPOSITE  OF  THE  K  AND  F/P  METHODS  TEST  T-7 
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(3)  (C)  Discussion  of  Test  Results 

The  pressure  and  thrust  histories  for  Tests  T-1  through  T-7  are  given  in 
Figures  118  through  124,  respectively.  It  should  be  recalled  that  the  motor 
configurations  are  essentially  identical  in  these  tests  and  that  the  design 
strongly  favors  complete  combustion  of  the  propellant.  The  end-burning 
grain  design  should  produce  essentially  neutral  burning,  except  for  the 
coupling  of  the  propellant  burn  rate  and  the  nozzle  throat  area  variations. 
It  must  be  observed  that  there  are  similar  trends  and  numerous  detailed 
dissimilarities  in  the  ballistic  data  from  these  tests. 

Clearly,  the  two  double  base  beryllium  propellants.  Tests  T-1  and  T-3, 
reflect  more  radical  pressure  excursions  than  the  composites.  Tests  T-2 
and  T-4.  This  is  due  to  the  inherent  differences  in  the  dependence  of  burn 
rate  on  pressure.  However,  the  calculated  deposition  and  erosion  histories 
show  the  composites  as  having  thicker  throat  deposits.  Thus,  each  type 
of  propellant  (and  to  a  lesser  degree,  each  individual  propellant) 
appears  to  exhibit  a  relatively  independent  character  whi';h  is  a  function 
of  its  burning  properties  and  the  condensed  phase  deposition.  The 
deposition  is,  in  turn,  a  function  of  the  motor  contour,  grain  design,  the 
thermal  response  of  the  wall  materials  and,  finally,  certain  propellant 
properties  (completing  a  dependence  loop).  The  propellant  properties  of 
interest  include  metal  loading,  metal  particle  size  distribution,  and 
(probably)  the  metal  particle  combustion  kinetics  which  pertain  to  the 
formulation  in  question.  The  thermal  response  of  the  wall  materials  is 
also  coupled  to  the  propellant  via  the  convection  and  radiation  heat 
transfer  properties. 

There  is  no  obvious  evidence  that  the  lack  of  pressure  neutrality  in  the 
beryllium  tests  was  detrimental  in  terms  of  materials  performance.  Any 
unanticipated  pressure  effects  would  necessarily  be  obscured  by  the  deposit 
that  causes  the  pressure  excursion.  The  major  complication  introduced 
by  the  non-neutrality  is  that  the  heat  transfer  and  corrosion  post-test 
analyses  become  more  complicated.  Unfortunately,  the  results  of  such 
analyses  also  become  less  accurate  and  less  general. 

It  is  interesting  to  consider  cases  where  there  is  little  deposition  on 
the  nozzle  surfaces  or  where  the  deposit  residence  time  is  short  relative 
to  the  action  time.  The  propellant  tailoring  tests  described  in 
Paragraph  4.2  are  representative  of  such  cases.  The  expectation  is  that 
significant  corrosion-erosion  of  the  nozzle  throat  (ATJ  graphite)  will, 
through  the  propellant  burn  rate  coupling,  produce  significant  variations 
in  the  pressure  excursion  for  each  type  of  propellant.  Because  pressure 
is  directly  related  to  the  magnitude  of  the  basic  heat  transfer,  corrosion, 
and  erosion  phenomena,  the  double  base  propellants  will  appear  to  be  less 
corrosive,  compared  to  composites  of  nominally  equivalent  corrosivity. 

On  an  equilibrium  combustion  basis,  individual  members  of  each  propellant 
class  will  be  more  corrosive  than  others  when  they  have  either  greater 
potential  corrosivity  or  a  greater  burn  rate  dependence  on  pressure. 
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when  both  deposition  and  corrosion-erosion  occur  over  significant  portions 
of  the  firing,  the  comparison  of  propellant  test  data  becomes  even  more 
complex.  Here,  all  the  propellant  and  motor  design  characteristics  enter 
the  picture  in  determining  the  deposition  history  and  the  extent  of 
thermochemical  insulation  derived  from  deposition.  The  individualistic 
nature  of  beryllium  propellants  will  most  probably  be  exaggerated  further. 
Thus,  flame  temperature  has  an  important  influence  on  the  deposition 
history,  with  the  highest  flame  temperature  producing  the  greater  maximum 
deposit  thicknesses  at  the  throat,  but  over  a  shorter  period  of  time 
(see  Figures  139  and  141).  Since  the  double  base  propellants  tend  to  have 
the  higher  flame  temperatures,  they  may  exhibit  higher  total  surface 
regression  than  the  composites  for  equivalent  firing  times.  This  is  a 
reversal  of  the  expectation  when  deposit  effects  are  not  important.  It 
is  apparent,  then,  that  a  great  deal  of  consistency  or  correlation  should 
not  be  expected  from  the  results  of  beryllium  propellant  tests  when 
deposition  effects  are  important.  Furthermore,  burn  rate  pressure 
dependence  can  be  an  Important  correlation  parameter. 

Clearly,  there  is  no  inherent  reason  why  aluminum  propellants  should  not 
exhibit  the  same  general  characteristics.  However,  the  significantly 
lowe  melting  point  of  alumina  suggests  that  the  maximum  amount  of  mass 
storage,  on  the  surfaces  upstream  of  the  throat,  must  be  less  than  in 
the  case  of  beryllia.  While  comparable  maximum  deposit  thicknesses  may 
conceivably  be  observed,  the  period  over  which  the  nozzle  throat  is 
covered  should  be  shorter  for  alumina  than  beryllia.  This  is  illustrated 
by  Figures  142and  143.  When  Figure  145 is  compared  with  Figure  139,  the 
same  observation  can  be  made.  Note  that  the  very  high  flame  temperature 
of  the  Arcocel  389  propellant  (relative  to  the  alumina  melting  point)  is 
probably  causing  more  melting  and  higher  liquid  flow  velocity. 

Unfortunately,  the  total  amount  of  deposition  of  either  beryllia  or  alumina 
cannot  be  directly  inferred  from  the  thr  ;at  deposit  histories.  It  is 
probable  that  the  alumina  and  beryll'a  particle  sizes  are  different  so  that 
the  potential  amounts  of  the  oxides  hitting  the  contour  are  different.  Of 
course,  the  amount  of  oxide  which  sticks  to  the  wall,  and  subsequently 
flows  over  the  throat,  should  also  vary  considerably.  Aeronutronic 
simulator  and  vertical  mud  motor  firings  normally  produce  minimal  throat 
deposition  effects  for  aluminum  propellants.  This  is  clearly  not  the  case 
in  this  program  as  can  be  seen  from  Figurfcsl43  through  145 . 

It  is  believed  that  the  great  majority  of  aluminum  propellant  firing  data 
has  not  been  affected  by  deposition.  Extensive  deposition  has  been 
observed  for  the  two  special  cases  of  very  small  nozzle  throat  area  and 
for  restart  operation.  In  general,  alumina  deposition  is  neglected, 
especially  in  heat  transfer  and  corrosion  analyses.  When  such  an  assump¬ 
tion  is  valid  for  aluminum  propellants,  it  is  probably  not  for  beryllium 
propellants  and  poor  correlation  of  results  should  be  expected.  In  this 
case,  aluminum  propellants  should  prove  to  be  most  corrosive,  especially 
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for  the  relatively  low  temperature  composites.  When  the  non-deposition 
assumption  is  valid  for  both  metal  additives,  the  beryllium  propellants 
are,  theoretically,  slightly  more  corrosive.  Otherwise,  the  effects  of 
comparable  burn  rate  dependency  on  pressure  should  pertain  to  either  type 
of  propellant.  It  follows,  then,  that  nozzle  corrosion-erosion  data  for 
aluminum  propellants  should  reflect  dependencies  on  motor  design  and 
flame  side  materials  selection  in  the  same  manner  as  is  expected  for  the 
beryllium  propellants.  However,  the  quantitative  performance  of  nozzle 
and  insulation  materials,  which  is  a  function  of  deposit  insulation, 
should  be  quite  different. 

To  this  point,  the  hypothesis  concerning  the  existence  of  major  differences 
in  the  metal  combustion  kinetics  has  been  ignored.  If  complete  combustion 
of  the  beryllium  metal  particles  is  admitted  as  an  additional  propellant 
variable,  then  transient  variations  in  propellant  corrosivity,  heat  trans¬ 
fer  properties,  and  condensed  phase  deposition  are  to  be  expected.  Any 
superficial  comparison  of  test  results  when  combustion  kinetics  has  been 
involved  would  almost  certaintly  lead  to  confusion.  This  is  adequately 
illustrated  by  the  Arcocel  191  and  Arcane  53  data  given  in  Paragraph  4.2. 

At  the  present  time,  the  weight  of  evidence  suggests  that  each  metallized 
solid  propellant  will  exhibit  a  certain  amount  of  individuality.  Motor 
geometry,  materials,  operation,  and  thermal  design  effects  will  tend  to 
accentuate  this  situation.  It  appears  logical  to  assume  that  each  motor 
test  must  be  evaluated  in  terms  of  the  basic  thermal,  structural,  mass 
transfer,  and  chemical  phenomena.  In  general,  this  would  require  the 
evaluation  of  the  heat  transfer,  deposition,  and  corrosion-erosion  at 
every  instant  throughout  the  firing  period.  The  more  prevalent  practice 
of  characterizing  motor  firing  data  in  terms  of  overall  average  properties 
(average  chamber  pressure,  average  erosion  rate,  average  thrust  coefficient, 
etc.)  will  not  lead  to  great  improvements  in  the  understanding  of  the 
behavior  of  beryllium  propellant  exhaust  interaction  with  motor  materials. 
The  one  apparent  exception  is  that  tests,  featuring  a  common  propellant, 
similar  motor  component  geometries,  identical  flame  side  materials  and 
similar  thermal  protection  capacity,  should  be  directly  comparable.  The 
influence  of  each  of  the  design  variables,  exclusive  of  the  propellant 
formulation,  can  be  evaluated  by  making  one  parameter  change  at  a  time. 

Many  of  the  scheduled  small  motor  tests  follow  these  rules.  As  long  as 
the  motor  and  materials  performance  is  evaluated  properly,  it  should  be 
possible  to  compare  the  test  results  directly. 

With  regard  to  Tests  T-1  through  T-7,  a  distinction  must  be  made  between 
motor  performance  and  propellant  performance.  A  discussion  of  the  pro¬ 
pellant  combustion,  C*,  and  impulse  efficiencies  is  given  in  Paragraph  2.3. 
Motor  performance  efficiencies  have  not  been  calculated  from  the  data  given 
in  Table  XXVI.  Average,  rather  than  instantaneous,  values  would  tend  to  be 
somewhat  low  and  should  not  be  compared  directly  with  other  motor  test 
results.  It  is  estimated  that  as  much  as  5  percent  of  the  propellant  mass, 
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in  the  form  of  beryl 1 la,  is  retained  In  the  motor  or  flows  through  the 
nozzle  without  contributing  to  thrust.  Furthermore,  the  large  exit  cone 
heat  sink  tends  to  cold-trap  deposit.  Exit  cone  deposits  are  likely  to 
produce  flow  detachment  and  induce  side  thrust  losses.  It  appears  that 
gravity  promotes  the  formation  of  thicker  deposits  on  the  bottom  half  of 
the  exit  cone  than  on  the  top.  In  general,  more  conventional  motor  designs 
would  be  expected  to  give  higher  motor  efficiencies  sifnply  because  the 
deposition  induced  losses  should  be  less  serious. 

5.3  (U)  DEVELOPMENT  MOTOR  TESTS 

During  the  reporting  period,  the  preliminary  grain  design,  propellant 
selection,  and  nozzle  designs  were  established  for  the  five  development 
motor  tests.  These  tests  have  been  designates  T-51  through  T-55. 

A  single  grain  design  has  been  selected  for  use  in  all  tests.  The  desf 
is  similar  to  the  Type  II  and  III  designs  used  in  the  small  motor  test-i. 

The  cylindrical  grain  port  diameter  will  be  approximately  four  inches  and 
the  grain  outside  diameter  will  be  approximately  nineteen  inches.  The 
single  axial  slot,  one  inch  wide,  extends  over  the  entire  grain  length. 

The  aft  end  of  the  grain  will  be  contoured  to  fit  the  aft  closure  insula¬ 
tion  surface  which  is  parallel  to  the  ADOBE  'ft  closure.  It  will  also  be 
relieved  to  accept  submerged  nozzles.  The  ^'orward  end  of  the  grain  will 
be  contoured  to  achieve  nominally  neutral  burning.  The  overall  grain 
length  will  be  approximately  40  inches.  The  propellant  weight  will  be 
about  500  pounds  and  the  burning  time  will  be  25  seconds,  nominal.  Tests 
T-51,  T-52,  and  T-54  will  use  the  Arcocel  191F  propellant  formulation. 

Tests  T-53  and  T-55  will  use  the  Aicocel  319  BRF  propellant  formulation. 

Two  submerged  nozzle  configurations  will  be  used.  The  first  design  will 
be  used  for  Tests  T-51,  T-52  and  T-53.  The  second,  which  will  be  submerged 
approximately  three  inches  deeper  and  approach  the  initial  grain-burning 
surface  (about  one-half  inch  separation),  will  be  used  for  Tests  T-54  and 
T-55.  The  throat  inserts  for  Tests  T-51,  T-53,  and  T-54  will  be  edge 
grain  oriented  pyrolytic  graphite  washers.  The  inserts  for  Tests  T-52 
and  T-55  will  use  tungsten  with  a  polycrystalline  graphite  backup.  The 
nose  caps  for  these  nozzles  will  use  carbon  cloth  phenolic.  A  poly¬ 
crystalline  graphite  section  will  precede  the  throat  insert.  RVD  graphite 
has  tentatively  been  selected  for  the  entrance  section  while  ATJ  graphite 
will  be  used  in  the  nozzle  exit  cone  section. 

The  original  plan,  to  use  two  grain  designs  in  this  series  of  tests,  proved 
to  be  impractical  as  other  relatively  simple,  neutral  designs  significantly 
exceeded  the  ADOBE  motor  case  length.  However,  certain  aspects  of  the 
propellant  exhaust  flow  field  and  the  grain's  proximity  to  nozzle  surfaces 
will  be  varied  simply  by  changing  the  degree  of  nozzle  submergence.  These 
changes  are  actually  preferred  relative  to  those  which  could  be  accomplished 
by  grain  design.  The  original  plan  to  include  a  polycrystalline  graphite 
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throat  insert  in  one  test  was  changed  to  permit  the  use  of  a  second 
propellant  formulation.  While  a  third  propellant  choice,  Arcocel  54F, 

\;as  also  contemplated,  practical  difficulties  arose  with  respect  to 
procuring  the  appropriate  beryllium  powder  for  a  composite  grain. 

Procurement  of  the  grain  casting  hardware,  propellant  ingredients,  and 
motor  insulation  materials  has  been  initiated.  It  is  currently  expected 
that  these  motor  tests  will  be  conducted  in  July  and  August,  1966.  The 
results  of  the  tests  will  be  published  in  the  final  report. 

5.4  (C)  CONCLUSIONS,  RECOMMENDATIONS,  AND  FUTURE  WORK 

a.  (C)  Conclusions 

From  a  relatively  macroscopic  point  of  view,  the  objectives  of  the  first 
seven  motor  tests  were  achiioved.  There  were  no  indications  that  the  nozzle 
and  motor  insulation  surfaces  were  exposed  to  other  than  equilibrium  com¬ 
bustion  products.  The  combustion  chamber  flow  velocities  were  approxi¬ 
mately  6  ft/sec  so  that  the  chamber  stay  time  varied  from  4pproximately 
300  to  400  milliseconds  over  the  firing  period.  Since  thede  times  are 
much  greater  than  those  which  are  thought  to  be  required  for  metal  particle 
ignition  and  combustion,  the  equilibrium  combustion  (with  respect  to  the 
hardware)  conclusion  is  accepted. 

The  general  appearance  of  the  asbestos  phenolic  chamber  liner  and  aft 
closure  insulation  confirm  the  analytical  and  laboratory  study  predictions 
that  (1)  the  alumina  and  beryl lia  will  stick  to  the  insulation  char  sur¬ 
face,  and  (_)  the  resulting  deposit  is  protective.  These  conclusions 
would  probably  not  pertain  the  Insulation  macerials  which  yield  signifi¬ 
cantly  weaker  or  lower  temperature  chars.  That  is,  thermally  induced 
char  erosion  would  tend  to  oppose  the  retention  of  the  oxide  deposits.  It 
is  apparent  that  insulation  thickness  requirements  could  be  reduced  when 
beryllia  deposits  can  be  reliably  retained  on  the  char  surface.  These 
conclusions  should  not  be  lira  ?dlately  extended  to  the  carbon  or  graphite 
cloth  phenolic  materials.  This  is  because  the  role  of  the  asbestos  or 
silica  in  maintaining  low  char  temperatures  (relative  to  the  oxide  melting 
point)  and  in  particle  stacking  is  undoubtedly  important. 

For  the  uniform  axial  flow  condition  (end  burner),  deposition  a:  arently 
occurs  along  the  aft  closure  insulation  surface  with  subsequen*.  !  low  of 
the  molten  oxide  over  the  nozzle  throat  suiface.  Both  the  tir>  required 
for  the  deposit  to  reach  the  throat  and  the  throat  deposit  t’  .>;l(neaa  history 
are  strongly  dependent  on  the  oxide  melting  point  and  the  f^t  rature . 

It  is  also  apparent  that  gravity  effects  have  a  significant  inline*.-  on 
the  behavior  of  the  deposit  as  it  flows  over  the  nozzle  contour. 
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From  the  post  firing  condition  of  the  graphite  nozzle  surfaces,  it  is 
concluded  that  the  alumina  and  beryllia  deposits  are  protective.  That 
is,  significant  thermal  and  chemical  insulation  are  observed.  At  graphite 
surface  temperatures  above  the  melting  point  of  the  ox  de  and/or  above 
the  temperatures  where  the  metal  carbides  (or  oxy-carbides)  are  not  ther* 
mally  stable,  the  chemical  and  thermal  insulation  effects  will  be  exten¬ 
sively  lost.  However,  it  is  predicted  that  corrosive  attack  by  the  liquid 
beryllia  phase  at  these  high  surface  temperatures  will  be  less  severe  than 
the  hydrogen  and  oxygen  attack  from  which  the  graphite  surface  would  be 
shielded. 

It  is  concluded  that  there  v’ere  two  distinct  time  periods  in  which 
corrosion  occurred.  The  first  is  the  period  from  ignition  to  the  time  when 
the  deposit  first  coats  the  throat  surface.  Since  surface  temperatures 
are  low,  the  oxygen  and  water  reactions  »/ith  graphite  dominate.  During 
this  period,  kinetic  reaction  limitations  are  most  likely.  However,  this 
is  also  the  period  when  the  insulation  pyrolysis  gases  may  be  most  effec¬ 
tive  in  neutralizing  the  oxidation  potential  of  the  propellant  combustion 
products.  This  effect  is  contingent  upon  the  retention  of  the  ablation 
gases  near  the  nozzle  surface  (boundary  layer).  The  influence  of  the 
oxide  deposits  on  the  location  and  distribution  of  the  pyrolysis  gases  has 
not  been  determined. 


The  second  corrosion  period  occurs  after  the  oxide  deposits  have  melted 
and  flowed  away.  The  major  portion  of  the  nozzle  '.hroat  surface  is  pre¬ 
sumed  to  be  exposed  primarly  iJ  the  propellant  exhaust  gases,  the  insulation 
pyrolysis  gases,  or  mixtures  of  these.  During  this  period,  the  hydrojten- 
carbon  reactions  should  become  increasingl>  important  and  may  ultimately 
dominate.  The  arcocel  191F  and  its  analog,  Arcocel  389,  were  hot  enough 
that  the  deposits  we  e  shed,  and  the  high  temperature  corrosion  regime  was 
entered  for  the  final  few  seconds  of  firing.  The  others  were  coated  with 
deposit  until  the  end  of  firing  and  therefore  only  the  low  temperature 
corrosion  occurred.  Because  of  the  gravity  effect,  the  throat  regression 
experienced  in  the  high  temperature  regime  was  circumferentially  nonuniform. 
In  addition,  the  measured  surface  regression  may  include  material  shrinkage 
effects.  Therefore,  the  measurements  must  be  carefully  interpreted.  The 
throat  corrosion  measured  on  those  nozzles  which  experienced  only  the  first 
corrosion  regime  appear  to  be  symmetrical.  In  this  case,  the  small  amount 
of  corrosion  measured  tends  to  support  the  equilibrium  combustion  argument. 

The  Arcocel  390  (Arcocel  319BRF  analog)  firing  was  abnormal.  However,  it 
has  been  concluded  that  the  results  of  the  test  are  useful.  The  pressuriza¬ 
tion  of  the  forward  portion  of  the  ADOBE  chamber  that  occurred  in  the 
Atcocel  191F  and  Arcane  24F  firings  (T-1  and  T-2)  apparently  modified  the 
initial  portion  of  the  pressure  decay.  It  does  not  appear  that  the 
results  were  otherwise  influenced.  The  damage  to  the  steel  chamber  which 
accompanied  the  leak  is  thought  to  have  been  caused  by  localized  burning 
rather  than  simple  melting  of  the  steel.  In  accordance  with  the  berylli  m 
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propellant  combustion  model,  this  could  most  easily  have  occurred  If  the 
leaking  gas  had  not  burned  with  beryllium  prior  to  reaching  the  chamber 
wall.  The  potential  reactions  of  water  vapor  with  the  steel  are 
significantly  exothermic. 

It  is  quite  clear  that  the  behavior  of  aluminum  and  beryllium  exhausts  is 
extensively  similar  with  respect  to  their  influence  on  the  insulation  and 
nozzle  materials  behavior.  This  is  particularly  true  in  terms  of  the 
occurrence  and  effects  of  oxide  deposits.  Under  equilibrium  combustion 
conditions,  it  is  theoretically  predicted  that  beryllium  propellants 
should  be  only  slightly  more  corrosive  than  their  aluminum  analogs  once 
the  oxide  deposit  effects  disappear.  However,  the  higher  melting  point 
of  the  beryllia  with  respect  to  alumina  may  lead  to  higher  total  corrosion 
by  the  aluminum  analog.  It  should  be  noted  that  the  thermodynamic  stability 
of  the  aluminum  and  beryllium  carbides  plays  an  important  role  in  determin¬ 
ing  the  graphite  surface  temperature  at  which  the  deposit  protection  is 
lost.  This  temperature  is  a  relatively  strong  function  of  the  nozzle 
pressure.  The  time  at  which  the  deposit  is  lost  will  obviously  be  a  func¬ 
tion  of  the  nozzle  thermal  designs  as  well  as  of  the  deposit  conductance. 

It  is  concluded  that  numerous  motor  and  nozzle  design  similarity  conditions 
must  be  satisfied  before  corrosion-erosion  measurements  can  be  correlated 
with  propellant  formulation.  The  reduced  importance  of  deposition  effects 
in  most  aluminum  propellant  firings  leads  to  an  overall  impression  that  the 
data  correlate.  The  characterization  of  aluminum  firings  by  "averages," 
while  very  imprecise,  has  been  reasonably  successful.  The  same  approach 
for  beryllium  propellants  should  and  has  been  observed  to  be  must  less 
successful.  Similarly,  comparison  of  beryllium  with  aluminum  propellant 
test  data  should  be  confusing  when  the  averaging  approach  is  taken.  However, 
it  is  expected  that  the  basic  heat  transfer,  mass  transfer,  and  chemistry 
phenomena  act  on  motor  mater 'als  in  a  consistent  (universal)  manner.  If 
these  phenomena  are  examined  at  every  instant  throughout  the  firing,  the 
understanding  of  both  beryllium  and  aluminum  propellant  behavior,  with 
respect  to  materials  performance,  can  be  understood  and  correlated.  Other 
conclusions  regarding  heat  transfer,  deposition  effects,  and  motor  per¬ 
formance  are  presented  in  the  preceding  sections  of  this  report. 

b.  (U)  Recommendations 

A  recommendation  has  been  made  to  AFRPL  that  the  scope  of  the  motor  tests 
be  changed.  Basically  the  change  would  add  three  small  motor  tests  desig¬ 
nated  T-23,  T-24,  and  T-25.  At  the  same  time,  the  Development  Ilotor 
Test  T--55  would  be  eliminated.  Test  T-23  would  be  identical  to  Tests  T-21 
and  T-22  except  that  the  Arcocel  319BRF  propellant  would  be  used.  Test  T-24 
would  be  identical  to  Test  T-21  except  that  the  submerged  nozzle  design  of 
Test  T-12  would  be  used.  Test  T-2i)  would  be  identical  to  Test  T-9  except 
that  the  radial  thickness  of  the  pyrolytic  graphite  washers  would  be 
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increased  significantly.  This  recommendation  was  based  on  relative  judg¬ 
ments  concerning  the  value  of  the  data  to  be  obtained.  It  should  not  be 
implied  that  any  judgment  of  the  designs  or  nozzle  materials  capabilities 
has  been  made. 

c.  (U)  Future  Work 

During  the  next  reporting  period,  the  following  tasks  will  be  completed: 

(1)  All  of  the  small  motor  grains,  nozzles  and 
insulation  components  will  be  manufactured 
and  delivered  to  AFRPL  for  testing. 

(2)  All  of  the  small  motor  tests  will  be  con¬ 
ducted  and  the  post-test  analysis  of  data 
and  hardware  will  be  completed. 

(3)  All  designs  for  the  development  motor  tests 
will  be  completed. 

(4)  The  manufacture  of  all  motor  components  for 
the  development  motor  tests  will  be  completed. 

The  propellant  grains  and  motor  hardware  will 
be  delivered  to  AFRPL  for  test. 
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SECTION  VI  (U) 

INDUSTRIAL  HYGIENE  AND  SAFETY 


The  Industrial  Hygiene  program  progress  during  this  period  has  been  limited 
due  to  delays  in  the  motor  testing  phase,  and  consequently  a  reduced  hand¬ 
ling  of  beryllium  material  within  the  laboratory.  Post-test  analysis  of 
the  condensed  phase  reaction  studies  were  continued  and  completed  in 
January.  Additionally,  post-test  analysis  of  exhaust  particles,  nozzle 
deposits  and  chamber  deposits  has  been  completed  for  the  beryllium  and 
aluminum  end  burner  tests. 

Statistical  evaluation  of  the  quantitative  sampling  results  are  continuing. 
The  major  effort  during  this  reporting  period,  in  accordance  with  the 
program  plan,  has  been  in  monitoring  the  laboratory  operations.  Baseline, 
background  and  statistically  acceptable  variables  have  been  defined  within 
the  laboratory  environment.  No  beryllium  incidents  have  occurred. 

Repair  work  on  contaminated  ADOBE  motor  cases  was  completed  without  incident 
This  work  was  conducted  under  stringent  personnel  and  environmental  control 
procedures.  Enclosure  of  the  experimental  saw  was  completed  and  extensive 
acceptance  tests  have  been  conducted  using  non-beryllium  parts. 

A  major  effort  was  devoted  to  the  acceptable  decontamination  of  the  arc 
plasma  facility  (Control  Area  #2).  Absolute  filter  dry  methods  and  triple 
application  of  wet  methods  were  used  combined  with  necessary  Industrial 
Hygiene  and  Safety  Program  requirements  for  personnel  protection.  The  post- 
experiment  medical  program  for  personnel  engaged  in  this  per  tlon  of  the 
experiment  has  been  completed.  No  significant  medical  findings  were  evident 

Out-plant  air  sampling  is  continuing  with  the  sampling  program  being  ex¬ 
panded  due  to  an  Increase  in  che  number  of  point  source  emission  locations. 
This  is  the  result  of  the  addition  of  new  berylli'im  programs.  Selection  of 
the  new  sampling  locations  was  predicated  on  extensive  meterological  studies 
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Cumulative  program  sample  results  -are  given  in  Table  XXVIII. 

I 

TABLE  XXVm.  CUMULATIVE  BERYLLIUM  SAMPLING  RESULTS 


No. 

Samples 

Taken 

Type  Location 

Hours 

Sampled 

Avg.  meg/m^ 
Concentration 

3 

Max.  meg/m 
Concentration 

18 

Personnel  -  MM 
Controlled  Area  #1 

75.0 

less  than  .096 

.51 

5 

Personnel  -  MSA 
Controlled  Area  #1 

9.1 

less  than  .450 

.71 

3 

Personnel  -  MSA 
Controlled  Area  #2 

4.5 

.34 

.38 

6 

High  Volume 

Out-Plant  Stations 

14.3 

.0009 

.003 

11 

High  Volume 

Controlled  Area  #1 

29.3 

less  than  .022 

.1600 

9 

High  Volume 

6 

.059 

.24 

16 

Wipe  Samples 

NA 

1.94 

5.3 

2 

Sewerage  effluent 

NA 

less  than  .001 

.001  mg/1 

mg/1 


As  a  major  beryllium  propellant  producer,  Atlantic  Research  Corporation 
routinely  follows  Government  approved  industrial  hygiene  procedures.  The 
subcontractor  has  reported  that  the  results  of  their  industrial  hygiene 
sampling  program  have  shown  no  toxic  beryllium  concentrations  above  the 
allowable  limits.  In  addition,  no  accidents  or  incidents  involving 
beryllium  have  been  reported  during  the  second  reporting  period. 
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PROGRAM  INTEGRATION  AND  DEMONSTRATION 


7.1  (C)  PROGRAM  INTEGRATION 

The  physical  aspects  of  nozzle  performance  arc  of  primary  interest  in  the 
present  program.  Functionally,  it  is  required  that  the  inner  geometric 
conLOur  of  the  nozzle  be  maintained  within  acceptable  limits  during  the 
motor  firing  period.  This  contour  is  the  surface  of  the  refractory  nozzle 
materials  and,  as  such,  is  exposed  to  the  thermal,  physical  and  chemical 
actions  of  the  rocket  exhaust  environment.  As  a  direct  consequence  of  such 
actions,  the  material  which  forms  the  contour  may  be  remov'ed  at  significant 
rates.  The  object  of  nozzle  design  technology  is  to  either  (1)  employ 
materials  such  that  their  inherent  thermal,  chemical  resistance  and  struc¬ 
tural  capacities  are  not  exceeded  or  (2)  moderate  the  degree  to  which  the 
environment  acts  on,  or  the  degree  tc  which  the  material  must  react  to,  the 
environmental  actions.  Experience  with  beryllium  pi jpellants  ’  idicates  that 
the  physical  response  of  the  preferred  graphite,  tunpsten  and  aolntive 
insulation  materials,  presumably  employed  ir  accordant  with  (1)  above,  is 
not  characteristic  of  their  behavior  in  other  propellauv  systems.  Both 
extreme  and  eratic  behavior  has  been  recorded.  Investigation  of  cooled 
nozzle  performance,  as  in  (2)  above,  has  not  been  seriously  undertaken  for 
the  obvious  reasons. 

The  present  program  has  been  predicated  on  fo^  major  assumptions  regarding 
the  dominant  causal  factors  which  lead  to  poor  and  eratic  nozzle  materials 
performance  with  beryllium  propellants.  These  are: 

(1)  Chemical  actions  peculiar  to  betyllium  propellants 
may  be  operative  but  the  fundam  ntal  capacity 
limitations  of  the  material  )f  interest  is  inde¬ 
pendent  of  the  propellant  system. 

(2)  There  should  be  a  reasonably  small  increase  in 
beryllium  propellant  convective  heat  transfer 
and  corrosion  rates  compared  to  analog  aluminum 
propellants.  This  observation  follows  from 

(a)  beryllium  propellants  have  higher  theoretical 
performance,  implying  higher  stagnation  energy 
levels  and  lower  molecular  weights,  both  of  which 
tend  to  increase  heat  transfer  and  corrosion;  and 

(b)  ide^l,  thermodynamic  equilibrium  heat  transfer 
and  corrosion  theory  predicts  such  an  increase. 
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(3)  Beryllium  oxide  deposits  melt  at  a  substantially 
higher  temperature  than  the  metal  oxides  of  other 
propellants  and  may,  therefore,  shield  the  nozzle 
contour  from  corrosion  and  provide  thermal  insula¬ 
tion  to  a  relatively  greater  degree.  When  the  extant 
of  oxide  protection  changes  with  grain  or  motor 
contour  design,  or  when  propellants  are  changed  with 
small  scale  nozzles,  then  the  nozzle  and  balliscic 
performance  parameters  should  not  correlate  well. 

(4)  Ideal,  theoretical  characterization  of  the  composition 
and  energy  state  of  the  combustion  products  may  be 
particularly  misleading  for  beryllium  propellants. 

It  is  apparent  that  the  mechanisms  of  metal  particle 
combustion  and  the  particle  burning  times  are  signif¬ 
icantly  different  for  beryllium  as  compared  with 
aluminum.  To  complete  the  cycle,  incomplete  combus¬ 
tion  of  beryllium  propellants  would  potentially 
introduce  new  and/or  unexpected  chemical  actions 
on  nozzle  materials. 

Basically,  the  program  results  during  the  second  reporting  period  tend  to 
support  the  validity  of  these  assumptions.  Furthermore,  the  present 
results  provide  only  one  apparent  contradiction  of  the  i-rogram  integration 
discussion  presented  in  the  first  progress  report,  Section  VII  of  Reference  1. 

The  reported  motor  test  results  were  intended  to  provide  a  direct  comparison 
of  the  extent  to  which  the  propellant  exhaust  acts  on  the  nozzle  contour  as 
the  propellant  composition  is  systematically  varied.  All  other  design 
parameters  were  essentially  fixed;  the  end  Laming  grains  were  installed 
approximately  24  inches  from  the  nozzle  throat  (12  inches  from  the  aft 
closure  insulation  at  its  outside  diameter);  the  chamber  velocities  were 
about  10  ft/sec  so  that  residence  times  (with  respect  to  the  throa^)  were 
of  the  order  of  200  to  250  milliseconds  during  the  firing;  the  exhaust  flow 
was  uniform  in  the  axial  direction.  The  objects  in  conducting  the  tests 
in  this  manner  were  to  achieve  a  very  high  degree  of  combustion  and  to 
minimize  exhaust  flow  nonuniformities  which  would  prevent  stable  nozzle 
boundary  layer  growth.  Then,  with  the  thennochemical  state  of  the  exhaust 
known,  the  actions  of  the  exhaust  on  the  nozzle  contour  were  to  be  inter¬ 
preted  in  terms  of  the  original  formula  of  the  four  beryllium  and  three 
aluminum  analog  propellants. 

In  general,  the  test  results  do  not  reflect  the  very  high  degree  of  uniformity 
which  might  be  predicted  through  the  use  of  the  standard,  but  superficial, 
correlating  criteria  (such  as  oxidation  ratio,  flame  temperature,  etc  ). 
However,  they  do  appear  to  be  highly  systematic  when  the  affects  of  deposi¬ 
tion  are  considered  in  detail.  Thus,  in  each  test,  a  significant  arount  o 
time  (t^)  passes  before  either  alumina  or  beryllia  arrives  at  the  throat 
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surface.  !nie  deposit  continues  to  cover  the  throat  to  time  t^,  which  in 
several  instances  exceeded  the  grain  burnout  time,  tj^.  The  degree  to  which 
the  throat  area  was  reduced  by  deposition  varied  for  each  test.  Furthermore, 
each  propellant  has  a  different  burn  rate  pressure  dependence.  It  follows 
that  each  motor  should  exhibit  individualistic  tendencies  which  are  a 
reflection  of  the  coupling  between  the  grain  burning  characteristics  and 
throat  deposition. 

It  is  particularly  Important  to  note  that  composite  propellants  are  least 
responsive  to  throat  deposition.  If  (1)  the  throat  surface  temperatures 
reach  levels  where  the  oxide  sticking  mechanism  is  lost  (t,.  less  than  t},) 
or  if  (2),  during  tailoff,  sticking  is  lost  at  lower  temperatures,  there 
will  be  little  or  no  visual  evidence  that  throat  deposition  has  occurred. 

On  the  other  hand,  double  base  propellants  will  exhibit  serious  chamber 
pressure  excursions  for  small  nozzles,  providing  a  positive  indication  of 
deposition  even  though  deposits  are  not  present  after  the  firing.  It  should 
be  noted  that  when  the  grain  burning  characteristics  and/or  burning  surface 
history  are  not  well  known,  it  will  be  very  difficult  to  construct  the  throat 
deposit  thickness  history  from  the  motor  ballistic  data.  It  is  also  apparent 
that  the  propellant  performance  characteristics  (efficiency)  cannot  be 
accurately  interpreted  unless  the  deposit  thickness  history  is  known. 

The  general  behavior  of  the  transient  throat  deposition  phenomenon  can  be 
viewed  in  the  following  sequential  manner. 

(1)  Condensed  phase  impaction  occurs  where  the  exhaust 
is  turned  by  the  aft  closure  or  nozzle  inlet.  The 
impact  "source"  is  loc^.ted  some  distance  I  upstream 
of  the  throat. 

(2)  Ablative  surfaces  reject  the  deposit  for  some 
small  but  finite  time  because  of  uhe  high  initial 
ablation  rate  and/or  the  lacx  of  a  liquid  surface 
layer. 

(3)  When  sticking  begins,  the  deposit  will  be  solid¬ 
ified  at  the  contouT-  interlace  due  to  the  low 
prevailing  heat  transfer  rate  and  the  low  thermal 
conductivity  of  the  oxide  deposit. 

(4)  The  oxide  surface  may  always  be  molten  or  will 
melt  after  a  short  time.  The  gas  surface  shear 
will  tend  to  move  the  liquid  downstream  to  cover 
new  surfaces.  The  liquid  will  react  with  carbon 
or  graphite  surface  material  until  a  stable 
carbide  interlayer  is  formed.  If  the  surface 
(such  as  ATJ  graphite)  is  initially  too  hot,  the 
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deposit  should  provide  insulation,  permitting 
the  surface  temperature  to  fall  and  a  chemical 
bond  to  be  established  (at  about  5200°F  for 
alumina  and  4800°F  for  beryllia). 

(5)  The  deposit  "overflow"  process  will  continue 
until  time  t^  when  it  reaches  the  throat.  Since 
the  deposit  alters  the  smoothness  of  the  contour, 
new  material  may  be  deposited  just  ahead  of  the 
flow  as  it  propagates  toward  the  throat.  Since 
the  throat  is  a  heat  sink,  the  deposit  may  fuse 
to  a  great  extent,  slowing  the  propagation  rate 
in  spite  of  the  increasing  gas  shear  forces. 

(6)  The  motor-nozzle  contour  acts  as  a  capacitor  in 
that  a  large  amount  of  oxide  material  may  be 
stored.  Eventually  the  oxide  will  not  be  cooled 
sufficiently  by  the  contour  material  and  the 
oxide  will  melt  at  an  increasing  rate.  The 
liquid  film  velocities  will  increase.  Large 
amounts  of  material  may  move  past  the  throat. 

This  material  may  be  cold  trapped  by  the  cooler 
exit  cone  surfaces  or  it  may  pass  completely 
through  the  nozzle. 

(7)  When  the  supply  of  liquid  is  diminished  at  any 
point,  the  deposit  thickness  will  decrease  and 
contour  temperatures  will  rise.  More  of  the  oxide 
will  melt  and  flow  downstream  until  the  stored 
material  is  eliminated  and  a  balance  is  achieved 
between  the  impaction-sticking  rate  and  the  liquid 
film  flow  rate. 

(8)  At  any  point  along  the  contour,  the  surface 
temperatures  may  eventually  rise  to  levels  where 
the  oxide  will  not  stick.  Liquid  may  still  be 
flowing  over  these  surfaces  from  the  cooler 
regions  upstream.  In  this  case,  droplet  or  bead 
flow  is  expected  and  some  corrosion  (axial  grooving) 
should  occur.  Such  action  could  continue  to  the 
end  of  firing  unless  all  condensed  phase  impaction 
ceases  or  all  particles  which  impact  are  rejected. 

(9)  Because  of  gravity  and  surface  tension  effects, 
the  liquid  oxide  should  not  uniformly  cover  the 
nozzle  throat  during  the  later  stages  of  the  firing. 
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This  type  of  qualitative  model  can  be  used  to  Identify  the  design  parameters 
which  affect  the  transient  throat  deposition.  The  following  list  Includes 
most  of  the  recognized  parameters. 

(1)  Materials ,  Including  aft  closure  Insulator, 
nozzle  entrance,  throat,  exit  cone  and  the 
order  of  appearance. 

(2)  Contour  geometry,  especially  the  contour 
length  (1)  and  surface  area  upstream  of  the 

^  throat  (contraction  ratio). 

(3)  Grain  design.  Including  those  parameters  which 
determine  the  oxide  particle  velocity  vector, 
erosive  burning  and  Incomplete  metal  particle 
burning. 

(4)  Propellant,  Including  the  burning  characteristics, 
metal  loading,  metal  type  (Be  or  Al)  and  metal 
particle  size  distribution. 

(5)  Thermal  design,  particularly  the  heat  sink 
capacity  of  the  nonablating  contour  materials. 

At  the  present  time  It  Is  apparent  that  an  analytical  model  cannot  be 
conveniently  constructed  to  predict  the  origin,  propagation  and  thickness 
of  condensed  phase  deposits.  Considering  (1)  the  lack  of  high  temperature 
oxide  property  data,  (2)  the  potential  effect  of  silica  and  carbon  Impu¬ 
rities,  (3)  the  requirement  for  accurate  ballistic  data,  and  (4)  the  large 
number  of  design  parameters  Involved,  It  Is  unlikely  that  empirical  data 
correlation  efforts  would  be  successful.  However,  for  any  particular 
motor  application  It  should  be  possible  to  deduce  the  relative  effective¬ 
ness  of  competitive  combinations  of  free  design  parameters  by  means  of  the 
heat  transfer  and  corrosion  measuremenc  techniques  being  used  In  this 
program. 

Aside  from  Its  Influence  on  motor  ballistics,  the  deposit  provides  thermal 
Insulation  and  complete  chemical  protection  of  the  graphite  and  carbona¬ 
ceous  char  materials  along  the  contour,  as  long  as  It  remains.  As  the 
throat  diameter  Is  Increased  the  ballistic  performance  effects  and  errors 
diminish  to  Insignificance.  This  is  because  the  deposit  thickness  Is 
limited  by  its  melting  point  and  thermal  conductivity.  The  melting  point 
of  beryllia  is  nearly  1000°F  above  that  of  alumina  while  the  thermal 
conductivity  of  beryllia  Is  about  three  times  that  of  alumina.  At  least 
In  the  throat  region,  the  thermal  Insulation  effect  of  the  reported  tests 
can  be  evaluated  simply  by  multiplying  the  area  of  the  alumina  deposit 
thickness  history  curve  by  three  and  comparing  the  result  with  the  area  of 
the  beryllia  deposit  history  curve.  The  alumina  was  about  half  as  effective 
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as  the  beiyllia  for  the  highest  temperature  analog  pair  (Tests  1-1  and  T-7). 
The  alumina  was  about  20  percent  more  effe'.tive  than  the  beryllia  for  the 
low  temperature  composite  analog  pair  (Tests  T-4  rnd  T-.S).  However,  in  a 
slightly  longer  firing  the  advantage  of  the  alumina  might  have  disappeared 
since  the  deposit  in  Test  T-4  was  net  removed  at  burnout. 

Considering  the  corrosion  protection  afforded  by  the  deposit,  alumina  should 
have  the  advantage  since  the  carbide  Interlayer  is  stable  at  higher  tem¬ 
peratures  than  beryllia  (apparently  by  400°F  at  about  500  psia  throat 
pressure).  On  the  other  hand,  except  for  short  tests  with  low  temperature 
propellants,  the  beryllia  will  retard  the  temperatur';  rise  to  a  greater 
extent,  counteracting  the  alumina's  advantage.  In  the  reported  tests,  the 
deposit  arrived  over  the  throat  surface  before  the  temperature  reached  the 
melting  point  of  the  appropriate  oxide.  If  this  had  not  been  the  case 
(as  with  an  \T.T  throat  insert),  the  corrosion  protection  should  still 
pertain  but  much  of  the  thermal  insulation  effect  would  be  lost,  reducing 
the  overall  oxide  residence  time.  With  both  the  chermal  and  corrosion 
factors  considered  in  detail,  it  should  not  be  expected  that  nozzle  erosion 
data  could  be  correlated  when  throat  deposition  has  occurred.  With  appro¬ 
priately  chosen  sets  of  test  parameters,  beryllium  propellants  could 
actually  be  shown  to  be  either  more  or  less  corrosive  than  aluminum 
propellants . 

It  should  be  noted  that,  in  Section  7.1  of  Reference  it  was  suggested 
that  the  high  temperature  corrosion  (above  4500°F)  would  probably  not  be 
affected  by  chemical  kinetic  reaction  restraints  (hydrogen-carbon  reactions). 
The  comparison  of  the  results  of  Tests  T-1  and  T-7  with  an  approximate 
analytical  prediction  suggests  that  this  may  not  be  true.  Close  examina¬ 
tion  of  the  surface  of  the  pyrolytic  graphite  showed  that  there  were  a 
large  number  of  pits,  approximately  0.05  inch  long,  0.01  inch  wide  and 
0.05  inch  deep.  The  pits  resemble  surface  delaminations  which  may  havJ 
opened  on  cooldown.  However,  these  could  also  be  preferred  reaction  sites. 
Much  larger  pits  and  circumferential  grooves  have  been  observed  in  pyrolytic 
graphite  which  has  been  at  5000°F  or  above  for  longer  j.  riods  of  time. 

There  was  no  uodule  erosion  of  the  pyrolytic  graphite  and  the  pits  were 
concentrated  on  the  upper  half  of  the  throat  surface  which  probably  lost 
the  deposit  protection  earliest.  The  exit  cones  suffered  minor  surface 
pitting  on  these  two  teste.  Exit  cone  temperatures  were  not  '•acorded. 

The  pits  could  have  started  to  develop  early  in  the  test,  before  deposition, 
and  they  were  not  well  developed  in  the  axial  direction.  Similar  pitting 
was  not  observed  with  the  cooler  propellants.  Once  the  d?posit  protection 
is  lost,  such  erosion  pits  would  be  expected  to  develop  rapidly,  with  or 
without  the  benefit  of  corrosion. 

There  is  an  alternate  to  the  kinetic  reaction  limitation  explanation  for 
the  low  surface  regression  rate.  The  high  temperature  hydrogen  reactions 
produce  acetylene  which  is  convected  downstream  in  the  boundary  layer. 

Th<>  simple  corrosion  rate  theory  presumes  that  the  bound..ry  layer  is  well 
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developed  and  mass  transport  effectively  occurs  by  diffusion  to  ar.J  from 
the  wall.  When  the  nozzle  inlet,  and  probably  part  of  the  pyrolytic  graphite 
throat  insert  section,  is  coated  with  oxide,  the  boundary  layer  is  not 
developed  with  respect  to  the  acetylene  distribution.  The  highest  surface 
temperatures  are  known  to  occur  upstream  of  the  throat  where  corrosion 
could  not  be  accurately  measured.  It  is  possible,  then,  that  the  con¬ 
centrations  of  the  acetylene  at  the  throat  surface  (and  downstream  of  the 
throat)  are  higher  than  the  theory  could  predict.  This  would  effectively 
reduce  the  throat  corrosion  rate.  It  is  also  likely  that  the  hydrocarbons 
which  reach  the  turbulent  outer  portion  of  the  boundary  layer  will  react 
with  water  vapor,  neutralizing  its  effect  on  corrosion.  The  consumption 
of  the  hydrocarbon  by  this  means  would  not  significantly  accelerate  the 
diffusion  of  the  acetylene  away  from  the  wall,  since  the  primary  concentra¬ 
tion  gradients  should  be  confined  to  the  sublayer  portion  of  the  boundary 
layer . 

It  is  unfortunate  that  the  analysis  of  the  ballistic  and  particle  sampling 
test  data  has  not  provided  a  clearer  picture  of  the  propellant  combustion. 

A  similar  problem  appears  to  exist  for  the  data  from  other  small  motor  test 
programs.  Evidently,  improved  experimental  techniques,  which  Includes 
thermal  instrumentation,  are  required.  For  the  present  it  is  presumed 
that  the  nonequilibrium  chemistry  deviations  were  significantly  less 
Important  than  they  would  be  for  much  shorter  chamber  residence  times. 
Subsequent  tests  with  smaller  residence  times  may  help  to  clarify  this 
situation.  The  efforts  being  devoted  to  the  evaluation  of  the  exhaust  gas 
side  convective  heat  transfer  coefficient  will  be  continued  and  the  compar¬ 
ison  of  the  results  with  the  advanced  boundary  layer  theory  predictions 
could  also  be  enlightening. 

The  laboratory  studies  have  confirmed  the  existence  of  two  low  melting 
tungsten-beryllium  alloys.  These  apparently  will  form  only  through  direct 
contact  of  the  two  metals.  It  is  predicted  that  the  combination  of  beryl¬ 
lium  alloying  at  low  temperatures  and  the  formation  of  tungsten  carbides 
at  higher  temperatures  is  the  primary  cause  of  tungsten  insert  failures. 
Incomplete  combustion  of  (at  least)  the  larger  beryllium  metal  particles, 
high  grain  port  velocities  and  particle  impact  on  tungsten  are  probably  all 
required  to  provide  a  source  of  beryllium  for  tungsten  alloying.  Therefore, 
this  phenomenon  must  occur  early  in  the  firing.  It  is  not  obvious  that 
there  will  be  any  residual  beryllium  in  the  tungsten  after  continued  heating 
and/or  carbon  attack.  A  number  of  tungsten  inserts,  from  this  and  other 
programs,  will  be  examined  during  the  next  reporting  period  in  an  effort  to 
gain  more  evidence. 

During  the  remainder  of  the  progra'a,  the  primary  task  will  be  to  evaluate 
the  program  test  results.  These  tests  introduce  the  additional  complica¬ 
tions  of  (1)  grain  design,  (2)  nozzle  contour  Vviriations ,  (3)  nozzle  inlet 
material  changes,  (A)  nozzle  throat  material  changes,  (5)  chamber  residence 
time  variation  and  (6)  scale  changes.  All  test  results  will  be  Interpreted 
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in.t^rms  of  the  ballistic,  heat  transfer  and  corrosion  phenomena.  All 
results  will  be  compared  with  the  theoretical  results  to  establish  the 
validity  and/or  utility  of  tlte  analytical  and  experimental  design  tools. 

In  conclusion,  the  two  most  Important  results  of  the  program  are  reiterated. 
First,  the  actions  of  beryllium  and  analog  aluminum  propellants  are  (or  can 
be)  extensively  similar  with  respect  to  graphitic  materials.  This  may  not 
be  true  for  dense  tungsten.  Secondly,  pyrolytic  graphite  heat  sink  nozzles 
can  be  designed  to  give  satisfactory  performance  with  beryllium  propellants. 
By  exploiting  the  advantages  of  beryllla  deposit  protection,  the  nozzles 
can  probably  be  designed  to  give  better  performance  In  beryllium  systems 
than  In  aluminum. 

7.2  (U)  PROGRAM  DEMONSTRATION 

The  analytical  prediction  techniques  developed  in  this  program  will  be 
demonstrated  .hrough  correlation  with  available  beryllium  motor  test  firing 
data,  j'hls  demonstration  will  be  performed  after  the  completion  of  the 
program  motor  firings.  It  is  planned  tc  select  a  motor  design  for  which 
test  results  are  or  will  soon  be  available  from  some  other  beryllium 
propellant  program.  It  is  not  expected  that  such  results  would  have  been 
previously  included  in  the  data  correlation  work.  Furthermore,  the  propel¬ 
lant  and  grain  design  are  not  expected  to  be  ones  specifically  used  in  the 
present  program. 
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